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Cement clinker production is a highly resource and energy intensive process and 
contributes substantially to annual global anthropogenic greenhouse gas emissions. One 
potential pathway to reduce the environmental footprint of cement-based materials is 
through the reduction of clinker content in concrete by partial replacement of cement 
with fillers. In this investigation, the partial replacement of cement with chemically inert 
nano and microsized fillers of titanium dioxide (TiO2) and limestone was examined. The 
effects of nano and micro fillers on early-age properties, long-term properties, 
photocatalytic properties (for TiO2-cement mixtures) and life cycle costs were measured 
and compared.  
Investigation of early-age properties shows that nanoparticles increase rate and 
degree of early cement hydration and chemical shrinkage due to heterogeneous 
nucleation effect. In contrast, coarser microparticles (>3µm in this research) maintain or 
marginally decrease the rate and degree of early cement hydration and decrease chemical 
shrinkage due to a dilution effect. In addition, temperature sensitivity of hydration 
reactions increases in the presence of nanoparticles. Investigation of long-term properties 
shows that pore size refinement is possible with the partial replacement of cement with 
nanoparticle fillers. But the long-term tests of filler-cement mixes also demonstrate that, 
compared to ordinary portland cement mix, the strength decreases and permeability 
increases.   
Analysis of photocatalytic properties of TiO2-cement mixtures showed a lack of 
an appropriate testing procedure for nitrogen oxide (NOX) gas conversion by cement-
xx 
 
based materials. Thus, a new standardized procedure and photocatalytic efficiency factor 
for characterizing photocatalytic NOX binding by cementitious materials is proposed. Life 
cycle analysis demonstrates that although inclusion of TiO2 increases initial 
environmental impact of cementitious materials, the innovative photocatalytic properties 
of TiO2 could improve sustainability. Life cycle analysis also shows that partial 
replacement of cement with limestone decreases environmental impact of cementitious 
mixtures due to lower processing “costs” of limestone compared to cement.  
Thus, the results from the current research demonstrate that variation of dosage 
and particle size of inert fillers can be used to tailor properties and structure of cement-
based materials and that environmental sustainability can be improved by partial 
replacement of cement with inert fillers that introduce additional functionalities or fillers 













Cement production is a highly energy intensive process and contributes to the 
release of pollutants including carbon dioxide, sulfur oxides, particulates and heavy 
metals [1] into the atmosphere due to both the chemical reactions occurring in the kiln 
and, in most cases, the burning of fossil fuels for power production. In the United States, 
the average energy consumption for a cement plants is estimated to be about 5.2 GJ per 
metric ton of cement. Cement production also releases 0.98 tons of equivalent carbon 
dioxide per ton of cement clinker produced [2] with the total carbon dioxide (CO2eq) 
emission by the cement manufacturing industry in 2006 being an estimated 45.8 Tg 
CO2eq [3].  Thus, along with transportation and energy sectors, the construction industry 
is identified as one of the major contributors to greenhouse gas (GHG) emissions [4].  
 













Concrete is the largest volume-manufactured product on earth, other than 
processed water, with current estimates of global concrete production being 
approximately around 10 billion m
3
 per year or 13.1 billion cubic yards in 2011 [7]. 
Globally, concrete production is expected to continue to increase due to massive 
infrastructure developments throughout the world and due to the increasing world 
population (Figure 1.1). For example 27.9 million m
3
 of concrete was utilized for the 
Three-Gorges Dam project, the largest ever usage of concrete for a single project [8]. 
Cement is only one of the components used in concrete and the amount of cement 
in a concrete mixture can vary, typically ranging from 300 to 1000 lb/cu.yd for ordinary 
to high strength concrete [9]. Thus, high CO2 emissions from the construction industry 
are in part due to the large demand for concrete. As shown in Figure 1.2 the cement 
industry is one of the two largest sources of carbon dioxide emissions among the 
manufacturing industry in the United States [3]. CO2 emissions become more significant 
because of the increasing production of cement in the world, as shown in Figure 1.3, with 
production in 2012 being estimated at 3.70 gigatons [6].  Life Cycle Analysis (LCA) of 
cement manufacture, considering processes from transport of supplies (raw materials, 
fuels and electricity) to cement production, indicates that ~95% of the CO2 emissions 
derives from the clinker production phase (burning of fuels in kiln and decarbonation) 
[10]. Thus, if the cement clinker fraction in concrete mixtures could be reduced, there is a 
high potential for decreasing CO2 emissions into the atmosphere from the construction 
industry and hence achieve sustainability. Developments toward cement reduction, while 
retaining adequate concrete performance at both early ages and in long-term 
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performance, can make a tremendous impact, in terms of sustainable development 
because of the large – and growing – demand for concrete.  
Because of this potential to positively affect sustainable development, it is an 
imperative that the construction industry continues to implement methods and techniques 
to decrease the total energy use and emissions from concrete construction. In the past, the 
cement industry has improved cement manufacturing processes to reduce energy use by 
changing from a wet to a dry kiln, recirculation of heated air for preheating raw materials 
as well as improved grinding by the use of grinding aids. But further reductions in energy 
use and emissions are required to achieve sustainability. Suggested pathways for 
effectively addressing high energy use and CO2 emissions in cement and concrete 
production include:  
1) reduction of energy use and CO2 emissions during cement clinker production 
2) reduction of cement content used in the concrete industry by the addition of 
fillers 
3) enhancing strength and thus decreasing quantity of concrete used 
4) reduction of cement use by increasing the lifespan of existing and new 
structures [11]. 
 
In addition, additional positive contributions to sustainability could be achieved 
through the introduction of new capabilities or functions to concrete, which positively 




As a part of this research, the pathway of decreasing the cement content in 
concrete by the partial substitution of cement using nano and microsized
1
 [12] fillers 
were studied, and the properties of the resulting materials in the presence of these fillers 
were investigated. In this way, it is ensured that progress toward mitigating the 
environmental impacts of cement do not compromise performance, including early age 
properties, mechanical behavior, and durability.  
In combination with portland cement in pastes, mortars, or concretes, fillers may 
modify the early age as well as long-term properties of cementitious materials.  Reactive 
fillers which include all supplementary cementitious materials (SCMs) (e.g., fly ash, 
silica fume, slag, metakaolin) react with the cement hydration products in the presence of 
lime and water to form supplementary calcium silicate hydrates (C-S-H), increasing the 
strength and durability of concrete relative to ordinary concrete [13-15]. The use of 
SCMs has been generally well-examined. The effects of inert fillers in cementitious 
materials are, in comparison, not nearly as well-explored or understood. (The term 
“fillers” will be used to denote finely divided materials which are chemically inert or 
practically so in combination with portland cement and water.) To gain fundamental 
understanding on the effect of particle size and dosage of fillers on cement-based 
materials, in particular, research is needed. Here, the effect of fillers on early and long-
term properties of cement-based materials will be assessed with particular emphasis on 




 In the context of this research nanoparticles are defined as any material that has a size in the order of 
nanometers (less than 100 nm) and microparticles are defined as any particles with size range larger than a 
nanoparticle and in the order of micrometers. 
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the variations in behavior with particle size, from the nano to microscale, and dosage 
rates.  
Prior research has showed that fine fillers affect cement hydration [16], particle 
packing and permeability of the cementitious systems [17], as further discussed in 
Chapter 3. The inclusion of fillers to cement could also induce additional benefits to the 
concrete or mortar mix. For example, the addition of titanium dioxide filler to cement can 
introduce photocatalytic properties to cementitious materials [18] and addition of 
limestone can increase the workability of the cementitious mixture [19].  
Titanium dioxide and limestone nano and microparticles used as filler in cement 
and concrete mixes are the focus of this research. Nano and microparticles of these fillers 
were selected because of the increasing interest in the use of these fillers by the cement 
and concrete industry, as explained in the following two sections.  
 
1.2 Fillers in Cement 
 
Research on the effect of filler addition to cement has generally focused on fillers 
with particle sizes comparable to cement grains. For example, when limestone powders 
(of surface area 0.952 m
2
/g) were added to cement up to 15% addition rates, the 7-day 
strength was 22% and 10% higher than the control mix for 5% and 10% limestone 
addition and the 28-day strength decreased only marginally [20]. Other researchers have 
noted that the compressive strength increased as the particle size of the filler decreased. 
But compared to the reference control mix, the strengths of the cement-filler mix at 
different ages were found to be higher or lower based on the percentage addition of filler 
as well as the fineness of filler [21]. When fillers with particle size distribution 
7 
 
comparable to cement were added, researchers have also observed an increase in the 
degree of hydration [22] as well as chemical shrinkage in the first 24 hours of hydration 
[23], but the influence of finer inert particles has not been well-examined previously.  
For guidance, examination of the use of nano and microscale silica particles in 
concrete may be helpful. (Although such materials are not inert and are typically 
pozzolans, lessons learned in this area bear some relevance to inert particles, particularly 
when considering the relative effects of nano and microparticles.) Use of silica fume in 
cement-based materials, with sizes in the tens to hundreds of nanometer, affects particle 
packing and size distribution and with time by its pozzolanic reaction further densifies 
the microstructure; as a result, the structure and properties of the cement-based material 
are altered by the introduction of these particles which are much finer than cement [12, 
24]. Even smaller nano-SiO2 particles have been shown to enhance strength and 
interfacial transition zone properties greater than ordinary silica fume [25], suggesting the 
potential benefits in decreasing reactive particle sizes below the upper range of 
nanoscale. However, in part because of this accelerated early hydration and also because 
of alteration of the pore size distribution in the cementitious system, these reactive 
particles have also been found to increase shrinkage. For example, researchers have 
observed that the use of nano-SiO2 increased 7 day shrinkage by 80% compared to an 
equivalent mix with micro-silica [26]. Thus, this examination suggests that nano and 
microparticles of the same composition can have different effects on structure and 
behavior in cement-based systems because as the particle size decreases from micro to 




1.2.1 Nanoparticles and TiO2 in Cement 
 
While titanium dioxide (TiO2) is usually present in cement clinker in trace 
quantities as an impurity from the raw materials used for cement manufacturing, more 
recently titania is introduced intentionally to ground clinker to impart new functionality 
through surface-initiated photocatalysis. This results from the discovery of the 
photocatalytic properties of certain forms of TiO2 by Fujishima and Honda [27] which 
has increased the potential application of TiO2 in cementitious systems [28]. The chain of 
photochemical surface reactions induced by irradiation of TiO2 with UV light (hυ), in the 
presence of water and oxygen is summarized in Equation 1.1 (adapted from Banerjee et 
al., 2006 [29]). The reactive oxygen species (i.e., O2
-
, H2O2) and hydroxyl radicals ( OH) 
are strong oxidizing agents and cause various photocatalytic reactions (Equation 1.1). 
 
(1.1) 
   
The introduction of nanocrystalline titanium dioxide, particularly in the anatase 
form, can convert ordinary construction materials, including concrete, to a 
photochemically active surface. The photocatalytic activity of TiO2 in construction 
materials and coatings are being used for smog abatement, biocidal properties super-
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hydrophobic/philic and self-cleaning ability [30-34] (Figure 1.4). The initial applications 
of TiO2 in civil engineering materials were for self-cleaning ability using which outer 
walls and facades could be maintained stain free [28]. The application of TiO2 for 
decreasing NOx (NO+NO2) [35, 36] and volatile organic compounds (VOC’s) has a 
gained a greater attention of the civil engineering community because of potential 
benefits with decreasing pollution. Several research projects [31, 37, 38] as well as pilot 
field application projects [39, 40] were undertaken to further understand the potential 
applications and effect of various factor on photocatalytic properties.  
Research has shown that photocatalytic activity is superior in nanoscale TiO2 due 
to the high surface area of the nanosized crystals [18, 41] and thus more nanosized TiO2 
is being used for its photocatalytic properties. This relatively new technology and particle 
additions are being implemented in various construction materials including ceramic tiles 
and glass panels (TOTO Hydrotect), aluminum panels (Alcoa’s Reynobond
®
 with 
EcoClean™), stucco tiles (Solar Stucco™, Amcot Stucco™), concrete paving stones [42] 
and coatings for stone, cement and concrete (StoCoat Lotusan
®
), and also special cements 
with TiO2 additions (TX Active
®
 by Essroc, Italcementi Group). In this research the 
effects of bulk additions of TiO2 nanoparticles, at varying dosage rates, to cement paste 
on the properties of the cement-based material is investigated.  
 





1.2.2 Microparticles and Limestone in Cement 
 
Ground limestone, with typical particle sizes comparable to cement, has long been 
used in the construction industry to improve the water retention capacity and workability 
of mortar, where it is a component in masonry cements, and concrete, where it has 
traditionally been used as a replacement for a portion of the fine aggregate. Researchers 
have observed that the use of limestone, either as a replacement for cement or sand, 
increases the flowability and consistency of mortar [43], one of the primary reasons for 
the use of limestone powder in self-compacting concrete mixes [19]. Limestone additions 
improves concrete consistency by reducing water demand, and if a low water-to-cement 
(w/c) concrete mix design is used, high limestone replacement levels can result in almost 
similar concrete performance as ordinary portland cements mixes [44]. 
 





ASTM [45] 15% ASTM has approved 15% limestone in 
2013 
CSA [46] 15% CSA has approved 15% in 2009 [47] 
CEN [48] 35% 





More recently, the use of ground limestone as a component in portland cement or 
as blended-hydraulic cement has been permitted by various standards organizations.  The 
prescriptive limits on the maximum percentage addition of limestone to cement vary 
according to the industry standard and country. As shown in Table 1.1, the maximum 
prescriptive limits on the addition of limestone vary between 15% to 35% [45, 46, 48, 49] 
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based on the standard. ASTM C150 Standard Specification for Portland Cement [50] 
specifies only a maximum of 5% limestone in portland cement but ASTM C595 Standard 
Specification for Blended Hydraulic Cements [45] allows up to 15% limestone in blended 
hydraulic cements.  
Limestone could be introduced to cement in two ways: before grinding of clinker 
or as an additive or replacement to cement, intermixed after cement grinding or during 
batching of concrete. When limestone microparticles are added to cement clinker before 
grinding, cement manufacturers also typically grind the limestone blended cement to a 
finer size to increase the rate of hydration and strength gain [9], especially at early stages 
of hydration. But the limestone can get crushed to a very fine powder during grinding of 
clinker, since limestone is soft compared to cement [49]. In this research the effect of 
addition of limestone microparticles as a bulk additive to cement is investigated to study 





1.3 Research Motivation 
 
The use of inert fillers has been proven to be an effective pathway to reduce the 
clinker content in cement and concrete and the addition of fine fillers could greatly affect 
the properties of cement and concrete when compared to coarser filler additives. Hence, 
comparison of nano and microsized fillers is relevant for understanding the influence of 
filler particle size on cement hydration, early shrinkage, strength evolution and durability 
and these properties could be optimized based on the particle size of filler. Thus, as 
previously stated, one of the main motivations for conducting this research is to improve 
understanding of the influence of nanoparticles and microparticles on the short-term and 
long-term properties of portland cement-based materials.  
In addition to the short and long-term properties, life cycle costs of these material 
systems should also be investigated. The total embodied energy and carbon emissions of 
filler-cement system should be compared to the plain cement system and a life cycle 
assessment should be conducted to ensure that all critical environmental factors are 
considered for the selection of a sustainable construction material, particularly because 
environmental concerns have spurred the use of both TiO2 and limestone. Since TiO2 and 
limestone are relatively new additives to cement, a life cycle assessment of TiO2-cement 
and limestone-cement system are conducted as a part of this research and compared to 
results from plain cement mixes. The results from a life cycle cost analysis in terms of 
energy and emissions of these various cement-filler systems is critical to understanding 
the true contribution of these materials to sustainability.   
13 
 
1.4 Purpose and Objective 
 
 
The main objective of this research is to understand the effect of the replacement 
of cement with fine fillers - commercially available micro and nanoparticles of TiO2 and 
limestone - on the properties of the filler-cement systems. The early age and long-term 
properties, photocatalytic properties and the life cycle costs of these filler-cement systems 
are investigated as a part of this research.  
The objectives can be classified into the following four main categories. 
1. To understand the effect of nano and microparticles of two inert fillers - TiO2 and 
limestone - on the early age properties of cementitious materials: Tests including 
isothermal calorimetry, chemical shrinkage, autogenous shrinkage, flow 
characteristics, setting time, degree of hydration and activation energy 
(temperature sensitivity) are conducted. The microstructure of the filler-cement 
systems is also studied using electron microscopy.  
2. To understand the effect on long-term properties of cementitious materials due to 
the addition of nano and microparticles of TiO2 and limestone: Strength tests and 
tests for permeability and pore structure including specific surface area and pore 
size analysis, chloride permeability and resistivity tests are conducted to 
characterize the effect of these particles on the structure developed in these binder 
systems. 
3. To evaluate the effects of TiO2 particles on induced photocatalytic properties of 
cement-based materials: Applicability of current NOX tests for testing cement-
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based materials are evaluated and NOX conversion efficiency of cementitious 
materials with commercially available TiO2 are characterized and compared. 
4. To understand the effect clinker reductions with the use of nano and microsized 
fillers on sustainability in terms of embodied energy and carbon dioxide 
emissions: A life cycle analysis (LCA) of the filler-cement systems is conducted 





1.5 Organization of Dissertation 
 
The structure of this dissertation is outlined below 
 Chapter 2 presents the literature review on the properties of cementitious materials in 
the presence of nano and micro fillers including early age properties as well as long 
term properties. The literature review also includes background on activation energy, 
photocatalytic properties in the presence of TiO2 and sustainability in the presence of 
TiO2 and limestone fillers. 
 Chapter 3 presents the effect of fine inert fillers on the early age hydration of 
cementitious materials. Results from setting time, flow characteristics, isothermal 
calorimetry, chemical and autogeneous shrinkage, activation energy and microscopy 
are presented. 
 Chapter 4 outlines the long term properties of cementitious materials in the presence 
of nano and micro fillers. Results from specific surface area and pore size 
distribution, strength tests, chloride permeability and resistivity tests are presented 
and discussed. 
 Chapter 5 presents the results from photocatalytic properties of TiO2-cement systems. 
Testing procedure and results from NOX tests is discussed and a new efficiency factor 
for photocatalytic conversion is defined and discussed. 
 Chapter 6 presents the results and discussion about the sustainability of cementitious 
materials in the presence of TiO2 and limestone. The life cycle analysis and pathways 
for use of nano and micro fillers is discussed in this chapter. 
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 Chapter 7 presents a summary of the research performed as a part of this dissertation 
and the primary conclusions. Further research topics are recommended based on the 
results from this research. 
 Appendices include additional results not provided in the body of the dissertation - 
the effect of particle dispersion on hydration reaction and life cycle inventory data for 








CHAPTER 2  
LITERATURE REVIEW 
 
2.1 Properties of Cementitious Materials in Presence of Inert Fillers 
The modification of portland cement, especially using fillers, remains of interest 
to researchers and to industry because of potential opportunities to tailor behavior (e.g. 
setting time, shrinkage, strength development, durability) and to also contribute to 
sustainability. As will be explained in this chapter, most of the prior research on the 
effect of fillers on hydration examined larger micrometer-sized particles [20, 51] and 
emphasized on strength development characteristics [52]. Therefore, the anticipated 
contributions of this research include fundamental understanding of the effect of dosage, 
particle size and type of inert additive on the early and long-term properties and life cycle 
costs of cement-based materials. 
The effect of inert fillers on the properties of cement-based materials depends 
predominantly on the particle size and distribution of the fillers used. When a filler of a 
median size smaller than the size of cement is used, the rate of cement hydration could 
increase due to nucleation effect [22, 53] and the particle size distribution, and thus, the 
particle packing of the cementitious materials could also be modified. When fillers of size 
comparable to or larger than size of cement particles are used there could be a decrease in 
the rate of cement hydration [51]. The addition of fillers could result in a decrease in total 
hydration product formation and hence an increase in porosity due to this “dilution 
effect”. Thus, depending on the particle size of the filler used, there is a possibility of an 
increase or decrease in the rate of reaction and the total hydration product formed or a 
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modification of the porosity and structure of the hydrated cementitious material. The 
effect of the particle size of filler on the structure, and hence properties of cement-based 
materials, is further explored in the following sections.  
It should be noted that some researchers have noted marginal reactivity of 
limestone powder with cementitious minerals [22, 54]. However, in the current research 
the reactivity of limestone powder is considered negligible as compared to the reactivity 
of fine pozzolanic fillers such as microsilica and henceforth in this manuscript both 
limestone particles as well as TiO2 particles will be categorized as ‘inert’ or ‘fillers’. 
 
2.2 Early Age Properties in Presence of Inert Fillers 
The progress of the hydration reaction, shrinkage characteristics as well as the 
evolution of the microstructure should be researched to fully understand the fundamental 
effect of micro- or nanoparticles on the formation of hydration product, especially at 
early age. When fillers with particle size distributions comparable to cement were 
included in the mix, researchers have observed an increase in the degree of hydration [22] 
as well as an increase in chemical shrinkage in the first 24 hours of hydration [23]. (The 
degree of hydration ( ) of a cement-based material is the fraction of the cementitious 
materials that has undergone hydration at any particular time [9].  
Chemical shrinkage, also called Le Chatelier contraction, is the relative volume 
reduction between the initial reactants (cement and water) and final hydration products in 
a closed environment. In a contribution fundamental to the field, Powers  suggested using 
the degree of hydration at any stage of hydration reaction and the water-to-cement or 
water-to-solid ratio to obtain the chemical shrinkage as well as solids (unhydrated and 
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hydrated) and water (capillary and gel-water) according to the following equations [47, 
55, 56].   
 
 Chemical shrinkage: Vcs = 0.20(1 – p) α (1 – VF)  
 Capillary water:  Vcw = (p – 1.32(1 – p) α) (1 – VF) 
 Gel water:  Vgw = 0.60(1 – p) α (1 – VF) 
 Gel solids:  Vgs = 1.52(1 – p) α (1 – VF) 
 Unhydrated Cement: Vc = (1 – p)(1 – α) (1 – VF) 
 Volume balance: Vc + Vgs + Vgw + Vcw + Vcs = 1 – VF 
(2.1) 
 
where p = (w/c)/(w/c + w/ c) is the initial volume fraction of water in the mixture, w/c is 
the effective water-to-cements ratio, w and c refer to the densities of water and cement 
and VF is the volume fraction of filler in the blended paste. Gel water is the water held 
within large surface area of the hydration product (gel solids) and is located between the 
gel solids in the C-S-H interlayer space (gel pores). Capillary pore is the space not taken 
up by the cement and hydration product and generally is considered to be pores of size 
greater than 2.5nm. The water held in the capillary pores is called capillary water. 
Cement hydration in the presence of fillers could be modeled based on the Powers’ 
equations and compared to experimental results to ascertain the validity of Powers model 
in the presence of inert fillers.  
 
The presence of fillers can affect other shrinkage characteristics of cementitious 
mixtures, including autogeneous shrinkage [57] and possibly plastic shrinkage. 
Autogenous shrinkage is the macroscopic reduction in volume of cementitious mixtures 
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during hydration. Autogenous shrinkage occurs in cementitious mixtures with low (<0.4) 
w/c hydrating under sealed conditions [58]. Such low w/c mixtures can self-desiccate due 
to insufficient water for complete hydration and can create empty pores within the 
hydrating paste microstructure which can result in cracking [59]. Plastic shrinkage is the 
volumetric contraction of cement paste due to the loss of water by evaporation or by 
absorption of water by the substrate or aggregate. Plastic shrinkage is not considered in 
this research, since plastic shrinkage depends on by rate of water loss to the environment 
and thus can be controlled externally [9]. Most of the previous research on the effect of 
fillers on autogenous shrinkage was conducted using reactive fillers, where it was 
observed that fillers could increase or decrease autogeneous shrinkage based on the type 
and dosage of filler used [57, 60].   
 
As mentioned earlier, when fillers of various particle size distributions were included 
in the cementitious mixture, researchers have observed both acceleration and deceleration 
of cement hydration and a change in shrinkage as well as the porosity and structure of the 
hydration product. However, little prior effort has examined the influence of a range of 
sizes of inert particles; variations in cement composition among studies preclude their 
comparison. Thus the effect of particle size of fillers in the micro and nanoparticle range 
on hydration rate, chemical shrinkage and microstructure development is likely 
significant and warrants a comprehensive examination to better understand the role of 




Overall, the partial substitution of cement grains with inert nanoparticles and 
microparticles may modify the cement hydration kinetics and alter the development of 
microstructure in comparison to ordinary pates due to three different mechanisms (Figure 
2.1) listed below: 
 dilution effects, 
 heterogeneous nucleation, or 
 change in particle size distribution/system porosity  [61]. 
 
 
Figure 2.1. Schematic representation of cement hydration: a) Plain cement before 
hydration, b) Plain cement after hydration, c) Cement with microparticle filler – before 
hydration, d) Cement with microparticle filler – after hydration (dilution effect), e) 
Cement with nanoparticle filler – before hydration (change in particle size and porosity), 
and f) Cement with nanoparticle filler – after hydration (heterogeneous nucleation and 
changes in particle size and porosity)   
 
 
When a dilution effect is dominant in the case where inert particles of size similar 
to or greater than cement grains replaces cement and the particles can be envisioned as 
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substituting for reactive cement grains, as shown in Figure 2.1c. In this case, the rate of 
the reaction of the entire mixture will be reduced because of the decrease in the total 
available cement for hydration reaction, as well as by the resulting increased distance 
between reacting cement particles. As a result the effective w/c increases and the pore 
solution become less concentrated and hence results in less hydration product formation 
for a given age [61] as shown in Figure 2.1d. Chemical and autogeneous shrinkage in 
cement mixes depend on the degree of hydration. Since the rate of cement hydration 
decreases when dilution effect is dominant, the chemical and autogeneous shrinkage 
could also decrease in this scenario.  
Heterogeneous nucleation is typically the dominant mechanism when well-
dispersed particles of size similar to or less than cement grains are used as a partial 
substitution for cement (Figure 2.1e) and the hydration reactions are accelerated (Figure 
2.1f). Heterogeneous nucleation is a physical process that results in activation of 
hydration reaction and formation of products on foreign solid surfaces [21]. In the case 
where  fillers are included, the additional surface area provided is believed to increase 
rate of reaction by decreasing the energy barrier required for the hydration reaction to 
proceed [62]. The effectiveness of this catalysis depends on the fineness and dosage of 
the filler [53]; it is understood that finer fillers generally produce greater nucleation 
effects. Chemical and autogeneous shrinkage could increase when heterogeneous 
nucleation effect is dominant, since in these cases the rate of cement hydration increases 
due to surface nucleation of hydration products [23]. 
Modification of particle size distribution is envisioned to occur with the 
substitution of chemically inert filler results in a change of the particle size distribution 
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and hence particle packing in a system. This effect is also dominant when well-dispersed 
particles of size similar to or less than cement grains replaces cement particles (Figure 
2.1e). In addition to  altering the initial porosity, the subsequently formed microstructure 
[17] will vary from an ordinary cement system.   
But, while much research has examined the influence of variations in cement 
particle size and size distribution, this effect of the particle size and size distribution of an 
inert filler on cement hydration is not well documented in literature. The possible 
refinement of pore size distribution when nano and microparticles replaces cement grains 
could increase the capillary tension and therefore the shrinkage could also increase in 
such scenarios [57]. In addition, other phenomena may occur, including water absorption 
and/or adsorption by the nanoparticles, interactions with nanoparticle surface treatments, 
and reaction of materials previously presumed to be inert [63]. Thus, a comprehensive 
research program is necessary to better understand these complex relationships between 
particle size of fillers and cement hydration reaction. 
 
2.2.1 Temperature Sensitivity and Activation Energy in Presence of Inert 
Fillers 
The temperature sensitivity of cement hydration reaction is of importance to 
understand the effect of variation in temperature on the development of properties of 
cementitious materials [64]. The temperature sensitivity of cementitious mixtures can be 
evaluated by estimating the apparent activation energy of cement mixtures [65, 66]. The 
apparent activation energy can also be used in maturity models for estimating the strength 
development of cementitious mixtures at different ages [67]. The presence of 
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nanoparticles could affect the temperature sensitivity of cement mixes and this variability 
can be used to optimize setting and hydration behavior of cement mixes.   
The activation energy of cementitious materials can be calculated using various 
techniques to quantify the effect of additives on cement hydration reaction. Arrhenius 
equation, defined in Equation 2.2, is used to calculate the activation energy of materials. 
Arrhenius theory denotes the relationship between the rate of a chemical reaction, 
activation energy and temperature. According to the classical definition, activation 
energy for a single reaction system represents the potential energy necessary for the 
initiation of a chemical reaction. But this definition is not directly applicable to chemical 
reactions with multiple reactants minerals or where the reaction mechanism and/or 
products change as the reaction progresses. The activation energy, if calculated for such 
systems, does not represent the activation energy of separate minerals or their reactions, 








where k = rate of reaction, A = proportionality constant, Ea = activation energy, R = 
universal gas constant (8.314 J/mol/K) and T = temperature in Kelvin. 
 
The reaction of cementitious materials with water is an example of a reaction 
where multiple minerals react simultaneously and the reaction mechanism and products 
change with time [67]. Thus the activation energy concept is not directly applicable to 
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cementitious systems. But “apparent” activation energy, an empirically derived value, 
can be used to represent the combined temperature sensitivity of all the chemical 
reactions during cement hydration [64]. Henceforth in this research article, the usage of 
the term activation energy should be considered equivalent to “apparent” activation 
energy.  
Previous researchers have, in fact, applied Arrhenius theory to determine 
activation energy (and hence temperature sensitivity) of various cement material 
properties including compressive strength and maturity functions [69], time to end of 
induction period during hydration [70], time to peak rate of heat evolution during 
hydration [71], and also to calculate the “apparent” activation energy of the cement 
hydration reaction for comparison between cementitious mixes [64, 72]. The most 
common use of the Arrhenius theory on cementitious materials has been to obtain the 
“apparent” activation energy and for use in maturity functions. The apparent activation 
energy of cement hydration reaction itself has been calculated using various cement 
properties including data obtained from isothermal calorimetry [64, 72, 73], free lime 
measurements [74] and free water index obtained using quasi-elastic neutron scattering 
[75].  
The values of instantaneous activation energies calculated during cement 
hydration vary as cement hydrates [67]. Cement hydration is initiated as predominantly a 
surface controlled reaction and slowly changes to a diffusion controlled reaction during 
later stages of hydration [76]. The transition between surface controlled reaction and 
diffusion controlled reaction is not clearly discernible and could also vary depending on 
the temperature and type of cement mix [76]. Researchers have also noted that the 
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activation energy of surface controlled reactions and diffusion controlled processes are 
different [68, 72], with diffusion controlled reactions exhibiting lower activation 
energies. Hence the calculation of activation energy based on the classical Arrhenius 
equation assuming constant activation energy over the entire hydration curve could be 
erroneous. The apparent activation energy of cement hydration reaction has been shown 
to be constant when degree of hydration (α) of cement is less than 0.50 (or 50%), when 
the reaction is predominantly surface controlled [67]. Thus, in this research it was 
ensured that the data used for calculating reaction rate and activation energy was limited 
to a degree of hydration of less than 0.50.  
The apparent activation energy calculated for a hydraulic cement or cementitious 
system (e.g., combinations of cement, supplementary cementitious materials, SCMs, 
and/or inert fillers) is as a useful tool for understanding the effect of temperature on the 
hydration of cementitious materials [77]. A higher activation energy for chemical 
reactions will result in a greater variation of reaction rate with temperature change and 
hence a “higher sensitivity to temperature”. Such understanding is important for 
appreciating the influence of field temperatures on hydration rates and thus development 
of microstructure, time to set, and rate of strength development, among other features. 
The apparent activation energy of cementitious systems can be affected by 
various factors related to the chemical and physical properties of the materials used and 
the mixture proportions. For example, an increase in the water-to-cement ratio has been 
found to decrease the activation energy  [77]. The effect of chemical admixtures on 
activation energy varied among different researchers. Some researchers found that the 
inclusion of superplasticizers had minimal impact on the activation energy [78], whereas 
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others observed that the addition of superplasticizer decreased activation energy [77]. The 
addition of a water reducing retarder as well as an accelerator was found to decrease the 
activation energy of cementitious mixtures [77].  
With regard to variations in the composition of the cementitious system, previous 
researchers have noticed that the substitution of cement with ASTM C618 Class F fly ash 
and silica fume decreases the activation energy [77], while slag increases the activation 
energy [79]. The higher activation energy in the presence of slag has been attributed to a 
hydration mechanism that is less dependent on diffusion [79]. Some researchers have 
noted that the percentage of tricalcium aluminate (C3A) and alkali content of cement 
could have an influence on the change of activation energy when ASTM C618 Class C 
fly ash and slag is added to cement.  
Most of the previous research has thus focused on the effect of supplementary 
cementitious materials and chemical admixtures on the activation energy of cements. But 
recent interest and research in the use of inert (or largely chemically inert) nano- to 
micro-sized particles in cementitious has indicated that these particles modify cement 
hydration kinetics at early ages [12, 80]. Such nanoparticles modify hydration process by 
increasing the reaction rate due to heterogeneous nucleation on the surface of 
nanoparticles [53]. Hence the activation energy of cementitious mixtures could also be 
affected by the presence of nanoparticles. But the effect of nanoparticles on the activation 
energy of hydration reaction has not been previously quantified. Thus, the current 
research also examines the effect of nanosized mineral fillers on the activation energy of 




2.2.2 Model for Quantification of Cement Hydration Data and Calculating 
Activation Energy 
Hydration of cementitious materials can be studied by quantifying the cement that 
has undergone hydration reaction. Degree of hydration of cement, α, is a measure of the 
proportion of cement that has undergone hydration and is used to track progress of 
hydration. Degree of hydration is defined as the ratio of the hydrated cement to the 
original quantity of cementitious material. The degree of hydration varies between 0 and 
1, where α=0 denotes no hydration which is the state before water is added to the cement 
and α=1 denotes a state of complete hydration of the entire quantity of cement. In reality, 
not all of the cement might hydrate and hence a degree of hydration equal to 1 might 
never be achieved in typical cements [9]. The degree of hydration could be measured 
directly by chemically quantifying the amount of reacted and unreacted cement, for 
example by using thermal analysis [81]. But in this research the degree of hydration was 
determined indirectly utilizing the heat development data of cement paste mixtures 
obtained using calorimetry, following the approach in [65]. Previous researchers have 
shown that the heat released at any time divided by the total heat of hydration provides an 
appropriate measure of degree of hydration. Thus the equation for degree of hydration 






where  H(t) = cumulative heat evolved by the cement mixture from start of hydration till 
time t (J/g) and Hcem = total heat of hydration of the cement mixture (J/g).  
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Previous research has shown that the total heat of hydration of cement (at the 
theoretical 100% hydration) can be calculated from the proportion of the phases present 
in the cement based on Bogue potential calculations. The equation used to calculate the 




where Hcem = total heat of hydration (J/g) of cement at complete hydration (at α = 1) and 
each pi term is the mass fraction of that cement mineral phase in the cement. The total 
nominal heat of hydration of the cement (Hcem) used in this research was calculated to be 
462.78 J/g, which was constant for all the mixtures, since inert fillers do not contribute to 
the total heat evolved in cement. 
Once the variation (with time) of degree of hydration is calculated using Equation 
2.3, the cement hydration data can be mathematically represented using various models. 
Researchers have suggested a three parameter exponential model to characterize the 
degree of hydration data [82, 83] and the equation that defines the model is: 
 
)(t   (2.5) 
where αu is the maximum degree of hydration, τ is the hydration time parameter and β is 
the hydration shape parameter.  
 
The parameters of the model αu, τ and β can be used as representative parameters 
for the hydration development of cement mixtures and their values can be used to gain 
valuable information about cementitious mixes. If two of the three parameters are kept 
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constant the variation of the third parameter would result in the following trends. An 
increase (or decrease) in value of αu indicates a possible greater (or lower) maximum 
degree of hydration in a cement mix. Although αu represents the maximum degree of 
hydration, some researchers have obtained values of αu greater than 1.0 [73], which is 
theoretically not possible according to the definition of degree of hydration. Thus αu 
should only be considered as a representation of the maximum degree of hydration and as 
a tool for comparison between different mixes. Relative decrease (or increase) in the 
hydration time parameter(τ) indicates an acceleration (or deceleration) in the reaction and 
also lower (or greater) time to reach peak reaction rate and possibly setting time. β 
represents the slope of the degree of hydration graph, with higher values indicating 
greater slope. A decrease (or increase) of the hydration shape parameter (β) would 
indicate a greater (or lower) degree of hydration of the cementitious mix during initial 
stages of reaction and a lower (or greater) degree of hydration during later stages [82-84]. 
But when comparing cementitious mixes of different compositions, the values of αu, τ 
and β could all be different and thus the combination of the three parameters would result 
in a more complex representation and trends in the data. 
Researchers have demonstrated that, the hydration time parameter (τ) obtained 
from the three parameter model fit of the hydration data [64] can be used to calculate 
apparent activation energy of cementitious mixtures. Here, the activation energy (Ea) of 
















where τref and Tref are the hydration time parameter and concrete temperature (in K) at the 
reference temperature, τc and Tc are the hydration time parameter and concrete 
temperature at different temperatures at which isothermal calorimetry was conducted and 
R is the universal gas constant (8.314 J/mol/K). For the calculations in this research 25 
°C was considered as the reference temperature. 
 
2.3 Long-term Properties in Presence of Inert Fillers 
Most of prior research conducted on the effect of fine fillers has focused on the 
mechanical properties of the cementitious system. When fillers such as limestone were 
included in cementitious mixture up to 15% replacement rates, the 7-day strength was 
higher than the control mix and the 28-day strength decreased only marginally [20]. 
Other researchers have noted that the compressive strength increased as the fineness of 
the filler increased. Compared to the reference control mix, the strengths of the cement-
filler mix at different ages were found to be higher or lower based on the percentage 
addition of filler as well as the fineness of filler [21, 22].  
Because of their potential to modify porosity, pore size distributions and 
permeability, it can be envisioned that the addition of nano- and micro-sized particles to 
cement can also affect long-term properties such as durability [9]. The initial pore size 
distribution and hence permeability of the system depends, at least in part, upon the 
fineness and amount of filler used in the mixture [61]. The w/c and the particle size 
distribution of the cement could also affect the properties of the hydration product. But 
these are beyond the scope of this project and research on the effect of various inert 
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particles of different particle sizes only would be investigated in this research. The long-
term effect on permeability could depend both on the initial pore size distribution as well 
as the formation of hydration products on the surface of fillers, which could result in a 
well dispersed hydration product in the microstructure. Thus the relationships between 
the developed microstructure (e.g., pore size distribution, specific surface area) and 
parameters which relate to durability (e.g., permeability) warrants further examination. 
Ensuring the durability of the material is also critical for the contribution of inert 
fillers to sustainability [85]. Water penetration, carrying with it aggressive ions, is central 
to most deterioration mechanisms affecting concrete. Generally in concrete in a hostile 
environment, low permeability of the concrete reduces the rate of deterioration and 
results in a longer service life, except for cases such as thaumasite formation which can 
occur even at low permeability. But thaumasite formation is not considered in this 
research. A study of chloride solution (3% NaCl by mass) absorption of concrete when 
replacing cement with limestone indicated that the chloride ion penetration was deeper at 
45 days for mixtures with higher limestone contents [86].  
 Here, the influence between composition, structure and long-term performance, 
will be assessed through measurements of strength, specific surface area, pore size 
analysis and rapid chloride permeability test (RCPT according to ASTM C 1202) of 
pastes prepared with the same cement and varying dosage rates of the inert micro and 
nanoparticles. Mercury intrusion porosimetry (MIP) was not selected as one of the test 
methods in this project because of inherent errors in assumptions (e.g., “ink bottle” 
effect) made when MIP is applied to cement-based materials and other microporous 
materials  and because MIP is not able to measure all pores sizes present in cement paste 
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[87]. RCPT test was selected such aggressive agents that permeate and diffuse through 
the concrete microstructure is considered, since the transport of ions depend on the size 
and chemistry of the molecule, atom or ion moving through the porous media.  
Permeability and porosity has a strong inverse correlation with the strength of the 
cement-based materials, as observed by researchers [88]. Since cement hydration has a 
strong influence on the change of pore structure, the presence of fine fillers which 
nucleates the growth of C-S-H could increase degree of hydration and hence could affect 
the capillary pore volume and structure and have a significant effect on permeability.  
Returning to the conceptual model presented in Figure 2.1, the addition of fine 
particles improves or densifies the pore structure by two main mechanisms [89]. First, the 
total pore volume is expected to decrease due to heterogeneous nucleation of hydrates on 
the surface of the fine filler particles and the concomitant acceleratory effect on cement 
reactions.  In addition, the pore structure is refined by the addition of these finer 
materials, reducing the connectivity of the pores, and thus reduces the permeability and 
porosity. Based on model-based studies capillary porosity could become disconnected 
when the value of porosity is below a certain limit. This capillary porosity limit varies 
based degree of hydration, water-to-cement ratio and there is also significant variation on 
limit based on the model and ranges from 18% according to [90, 91] or around 30% 
according to [9]. The effect of size of inert fillers on the permeability and pore size 






2.4 Photocatalytic Properties  
The photocatalytic activity of titanium dioxide (TiO2) was discovered accidently 
when TiO2 was found to be the cause of degradation on paints containing TiO2. The 
interaction of TiO2 with ultraviolet (UV) light in the presence of water and oxygen was 
called “Honda-Fujishima effect” and was first described in Nature [27]. Photocatalytic 
titanium dioxide (TiO2) has been used in various applications predominantly because of 
the wide range of compounds that can be  decomposed at room temperature using only 
solar energy and moisture [92].  Further research by various research groups has shown 
that the photocatalytic effect is superior in nanostructured TiO2 especially in the anatase 
form compared to the rutile or brookite forms [93]. The major applications of 
photocatalysis by anatase TiO2 include removal of organic and inorganic pollutants, 
photo-degradation of pathogenic organisms [94] and self-cleaning and anti-fogging 
applications [34]. The photocatalytic effect of TiO2 has been used in various civil 
engineering applications including construction materials such as ceramic tiles, asphalt 
pavements and concrete paving blocks [32, 37]. The TiO2 in these materials has been 
shown to oxidize organic and inorganic contaminants on the surface and also as an anti-
microbial agent [94, 95].  
In the last decade, research and application has increased on the ability of 
photocatalytic TiO2 to decrease pollution in the form of NOX (NO2 + NO), VOC’s and 
sulfur oxides [18, 35, 96]. The nitrogen oxides are highly reactive and major air 
pollutants especially in urban areas with high emission of these gases from automobiles.  
Moreover, NOX, together with SO2 and SO3, produce acid rain, which can be harmful for  
vegetation (e.g., forests, crops) as well as aquatic life [97] and the built environment [98, 
35 
 
99]. The nitrogen oxides participate in the formation of “photochemical smog” and also 
in the formation of ozone [97], both of which are detrimental to human health [100]. 
Thus there has been an increased incorporation of TiO2 on surfaces exposed to these 
pollutants in urban areas that include paving blocks and concrete surfaces [32, 40]. 
Although the complete reaction mechanism remains somewhat uncertain, the 
photocatalytic oxidation of NOX broadly follows a set of chemical reactions as given 















Most prior research conducted on the utility of TiO2 for introducing 
photocatalytic properties to cement [31, 32, 102] for NOX oxidation have followed the 
standards ISO 22197-1 2007 [103] or the equivalent JIS R 1701-1 [104] or the UNI 
11247 standard [105]. Several researchers have used the JIS R 1701-1 [32, 106, 107] and 
ISO 22197-1 [31, 42, 102] tests for characterizing the photocatalytic activity of 
construction materials, whereas the UNI 11247 was introduced recently and thus has not 
been widely used [108]. Each of these tests were originally developed for studying the 
NOX removal properties of relatively impervious  “fine ceramic” materials [103-105] and 
surface coatings (e.g., on ceramics, metals), and, as a result their appropriateness for 
more porous, heterogeneous, and variable (including time- and environment-dependent 
variability) cement-based materials should be considered. The applicability of these 
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existing test methods for measuring the photocatalytic conversion of NOX on the surface 
of cementitious materials is reviewed.    
2.4.1 Review of Current Test Methods for Photocatalytic NOX Conversion  
Several organizations describe standard test procedures for examination of the air 
purification capabilities of fine ceramics and other inorganic materials  [103-105]. These 
test methods have begun to be used for the examination of cement-based materials, as 
well.  
 
Table 2.1. Comparison of testing, sample and analysis parameters of various tests for 
testing NOX conversion performance of photocatalytic materials 
    
ISO   22197-1 JIS  R 1701-1 UNI 11247 
Testing 
parameters 
Test gas NO NO NO and NO2 
Test gas 
concentration 1000ppb 1000ppb 
400ppb NO + 
150ppb NO2 
Gas flow rate 
(l/min) 
3 3 3 
Test duration 
(h) 






10 10 20 







49.25 49.25 65 
Sample 
curing 
– – – 
Surface 
preparation 
– – – 












The following is a brief review of the existing photocatalytic tests for construction 
materials, which are based on the flow of reactant gases over photocatalytic samples. Key 
features of these tests are summarized in Table 2.1. Other tests for photocatalytic activity 
which were followed by researchers and based on rhodamine [33, 38], atrazine [109], 
toluene [93] conversion and biological growth [30] on surface of the construction 
materials are not discussed here.  
 
2.4.1.1 JIS R 1701-1 
The standard JIS R 1701-1: “Fine ceramics (advanced ceramics, advanced 
technical ceramics) - Test method for air purification performance of photocatalytic 
materials - Part 1: Removal of nitric oxide” [104] was developed by the Japanese 
Standards Association in 2004. This can be considered as one of the earliest testing 
method for photocatalytic properties of construction materials, and one which specifically 
addresses ceramics (i.e. an inorganic non-metallic materials made from heating and 
subsequent cooling).  
In the JIS test, a continuous flow of reactant gases (i.e., this is a “dynamic 
method”) flows over test sample surfaces, and the reactant gas concentration is 
continuously measured using a chemiluminescent NOX analyzer. The standard suggests 
the use of a test piece that measures 49.5mm±0.5mm wide and 99.5mm±0.. The reactant 
gases are allowed to pass over this flat, plate-like sample in a 5mm thick layer. A light 
source (300 to 400 nm wavelength) is used to irradiate the surface of the test sample with 





The JIS standard specifies using NO gas at 1.0 ppm by volume with 50% relative 
humidity at 25 °C ± 2.5 °C and at a flow rate of 3.0 L/min. The test samples are stabilized 
under flowing reactant gases before exposing them to UV light, which is also allowed to 
warm up before exposure of sample. Once the gases have stabilized at the specified 
concentration the samples are exposed to UV light and reactant gases for 5 hours. The 
samples are exposed to the reactant gases and the photocatalytic conversion is measured 
using an integral of the difference between the input and output concentration of the gas 
(Equation 5.3). Elution tests are also conducted to confirm the NOX conversion efficiency 
of the test sample by measuring the nitrate and nitrite ion produced on the test sample. 
 
2.4.1.2 ISO 22197-1 
The standard ISO 22197-1: “Fine ceramics (advanced ceramics, advanced 
technical ceramics) — Test method for air-purification performance of semiconducting 
photocatalytic materials — Part 1: Removal of nitric oxide” [103], was developed in 
2007 by ISO based on the JIS R 1701-1 standards which was developed earlier. The ISO 
22197-1 standard follows the same procedures given in the JIS R 1701-1 standard. 
 
2.4.1.3 UNI 11247 
The standard UNI 11247: “Determination of the catalytic degradation of nitrous 
dioxides by photocatalytic inorganic materials” [105] was developed more recently, in 
2008, by the Italian standards organization (UNI). This test is similar to the JIS R 1701-1 
and ISO 22197-1 tests and is also a “dynamic” method with a continuous flow of NOX 
gases. The concentration of gases is different from the previous tests and uses 0.55 ppm 
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of total NOX gas which is a mixture of 0.15 ppm of NO2 and 0.40 ppm of NO gas. The 
irradiance in doubled from the ISO and JIS tests to 20 W/m
2
 and the samples are tested 
for 1 hour. The other parameters used are similar the ISO and JIS tests described above.  
The use of a combination of NO and NO2 in the UNI 11247 test could simulate 
real world conditions, but during photocatalysis there could be a conversion of NO to 
NO2 and vice versa. These reactions and conversions cannot be studied accurately using 
the UNI 11247 test. Moreover, in the current research and in Maggos et. al., [36], it was 
observed that once cement-based samples are irradiated with UV and exposed to NOX 
gases it could take a few hours for gases to stabilize. Thus, the relatively short duration of 
the UNI 11247 test could be unsuitable for certain construction materials.  
 
2.4.1.4 Other NOX tests 
Among the other tests that have been used by researchers are a “static” tests [36] 
in which a constant volume of pollutant gas is maintained and recirculated as a closed 
circuit in the reaction chamber. The pollutant gas concentrations before and after the 
experiment are measured to calculate the photocatalytic efficiency of TiO2 surfaces. It 
should be noted that this test is different from the previous tests which were “dynamic” 
and used a constant flow of pollutant gases over the photocatalytically active TiO2 
samples. The “static” tests do not represent real world conditions where pollutant gases 
would move over the TiO2 surfaces because of air circulation (e.g., air circulation inside 
buildings or wind). Thus, the dynamic tests are more appropriate to use for measuring the 




2.5 Sustainability of TiO2 and Limestone Cement Mixes 
Sustainability has been defined as development that meets the needs of the present 
generation without compromising the ability of future generations to meet their own 
needs [110].  Sustainability is often examined in terms of environmental sustainability, 
societal sustainability and economic sustainability [111, 112]. In the context of this 
research, the term sustainability refers to the environmental sustainability of the material, 
product, project or the built system under consideration.  
Sustainability of a material or process is assessed by conducting a Life Cycle 
Assessment (LCA) and calculating the total embodied energy and associated emissions 
(mainly CO2) [112-114]. The total primary energy used and emissions generated to 
abstract, process and manufacture specific goods, services or process and eventual safe 
disposal of the waste materials to earth have to be considered in the LCA [115]. The 
embodied carbon dioxide can also be associated with the specific chemical reaction that 
occurs during the manufacture, which is especially true in the case of cement 
manufacture [116], where decomposition of limestone releases CO2 into the atmosphere.  
 
2.5.1 Sustainability Matrices and Life Cycle Analysis 
 
Green building rating systems such as LEED™ (Leadership in Energy and 
Environmental Design), Green Globes™ or Energy Star certification are simple ways of 
assessing sustainability. These rating systems are mostly used for assessing the 
sustainability of an entire building rather than individual components or materials used 
for construction of the building [117]. Thus for accurate assessment of sustainability, 
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especially when a new material or composition is considered, it is necessary to conduct a 
Life Cycle Assessment (LCA) [112, 115].  
A life cycle cost analysis is a powerful tool used to make economic and 
environmental sustainability decisions for selection of any construction material [118]. 
This analysis accounts for all impacts or “costs” involved over the product’s lifecycle 
[115]. Typically the LCA of a building or material will include the extraction of materials 
and fuel used as energy for manufacture, transportation of materials, construction, 
operation including maintenance and repair and demolition, disposal, recycling or reuse 
of the material at the end of its functional life [4, 117, 119]. Often buildings with a lower 
first cost for new construction might require higher costs during the entire life cycle 
[114]. Conversely, durable materials and materials that can offset the “costs” by other 
means can have a lower life cycle cost [120]. 
 






Figure 2.2. The four phases in the process of developing an LCA 
 
 
One of the first steps of an LCA is to define the scope and boundary of the LCA 
analysis. A common approach is to consider all the flows related to the system (cradle-to-
gate approach). But often in practice, the most significant processes can be analyzed or if 
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two products are being compared, the processes where the two products differ from each 
other can also be compared [122]. The latter approach will be followed in this research, 
where the processes that distinguish the cement systems with and without TiO2 and 
limestone additives will be compared.  
The second stage of an LCA is the Life Cycle Inventory (LCI) analysis, which 
accounts for all individual material, energy and emissions inventory and flows to and 
from the product under consideration. The material, energy and emissions inventory 
could be conducted for the entire life cycle or only the processes being compared, as 
defined according to the scope of the LCA analysis. The inventory data could be 
collected from energy and materials data directly obtained from materials manufacturers 
(as in [123]) or by utilizing databases embedded in LCA software suites such as Building 
for Environmental and Economic Sustainability (BEES) or SimaPro.   
The third stage called Life Cycle Impact Assessment (LCIA) is to assign and 
translate the materials and energy use and emissions (the inventory data obtained in the 
previous step) to various environmental impact categories (based on ISO 14040 standard 
end points [121]) and some of the impact categories could be land use, resource use, 
climate change, health effects, acidification and toxicity to the environment [124].  
The last stage of an LCA analysis is interpretation of the results including ranking 
of significance of the impact categories and obtaining a single point score for all effect 
due to the various inventory items obtained in the LCI. The weightage of the various 
impact categories from the previous LCA step depends on the assessment method 
selected (e.g. Eco-Indicator 99E method or BEES). The final single point score or the 
scores in the impact assessment step obtained for various systems or materials could be 
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compared to ascertain the sustainability of these systems or as a comparative tool 
between the various systems under consideration. However, the weights used in the final 
LCA step are subjective and may affect the conclusions of the LCA. Researchers 
sometimes use the results obtained from the third LCA stage (LCIA) to compare the 
different products or processes under consideration [124]. When comparing the results, 
either from the third or fourth stage of LCA, a lower score indicates a more sustainable 
and possibly environmentally friendly product or process. If the score for any product or 
process is negative, the results indicate the products or process has a beneficial impact on 
the environment, in terms of energy or emissions.    
In the context of the current research, the amount of cement in concrete is 
expected to be reduced with the addition of fillers (TiO2 and limestone). But production 
and additional processing of these fine fillers could introduce additional components in 
the energy and emissions of the composite materials [125]. On the other hand, the use of 
photocatalytic materials can also decrease pollution in the form of smog, NOX (NO2 + 
NO) gases and volatile organic compounds (VOC’s) [32, 35, 36]. All these additions and 
reductions “costs”, energy and pollutants will be included in the analysis. Researchers 
have examined the effect of fillers on durability of cementitious materials, but most 
studies were conducted using reactive fillers [106, 126, 127]. The effect of inert fillers on 
the life-cycle cost due to the effect on durability has not been examined or quantified. 
Thus the effect of addition of fillers on life cycle analysis due to the effect on durability 
will not be examined in this research.    
It should also be noted that energy is required and carbon dioxide is released 
during the operation and maintenance of a building [4]. But researchers have found that 
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the operational energy saving achieved using materials with better insulation could be 
lower than the premium energy spent on the material manufacturing [128]. In this 
research the operational and maintenance embodied energy for a building will not be 
considered as a part of the life cycle or embodied energy cost analysis.  
The limitations of LCA are well-documented and include reliance on data (often 
industry-reported) which may be inaccurate, highly variable, or limited [4, 115, 119]. The 
goal with the preliminary LCA performed here is not to provide absolute quantitative 
assessments of environmental impacts, but rather to form a basis for a generalized 
comparison of nano and microparticle additions to concrete as well as to examine the 






EARLY AGE HYDRATION STUDIES 
 
3.1 Introduction 
  In this chapter the effect of nano and micro fillers on the early age properties of 
cementitious materials is examined. Previous researchers have predominantly examined 
the effect of inert filler particles with sizes comparable to cement grains. When fillers 
with particle size distribution comparable to cement were added, researchers observed an 
increase in the degree of hydration [22] as well as chemical shrinkage in the first 24 hours 
of hydration [23], but the influence of finer inert particles has not been well-examined 
previously.   
Thus the effect of particle size of much finer fillers (in the micro and nano range) 
on early age cement properties such as hydration rate, setting time, flow, chemical and 
autogenous shrinkage, microstructure and temperature sensitivity should be evaluated. 
The particle size of the filler could thus be tailored, to produce desired effects on rate of 
hydration, workability, time to set, dimensional stability and temperature sensitivity.  
Thus, the overall objective of this part of the research is to improve understanding 
of the influence of two increasingly common portland cement mineral fillers (or 
additives) - TiO2 nanoparticles and limestone microparticles - on early age hydration of 
portland cement when used as partial replacements for cement. The effect of particle size 
and percentage of fillers on the hydration reaction was investigated. Moreover the effect 
of dispersion technique/mixing procedure on the hydration in cement paste mixes with 
nanoparticle fillers was also studied. 
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3.2 Experimental Procedure 
3.2.1 Materials  
Commercially available TiO2 and limestone powders, of different particle sizes and 
surface areas, were utilized for this research. Ordinary ASTM C 150 Type I portland 
cement (Lafarge) with median particle size of 10.08 µm used had a potential Bogue 
composition of 51.30% C3S, 19.73% C2S, 8.01% C3A and 9.41% C4AF and 0.40% 
Na2Oeq. Table 3.1 summarizes the properties of the different fillers that were added to the 
cement and shows that the titania powders’ surface areas are greater and the particle size 
smaller than the limestone powders.  
 












L1 - 20 0.24 95 
L2 - 3 0.5 95 
L3 - 0.7 12 98 
T1 20-30 1.5 45-55 >97 
T2 15-25 1.2 75-95 >95 
T3 21 0.58 50±15 99.5 
 
 
Effect of inclusion of various percentages of TiO2 and limestone on the hydration of 
ordinary portland cement at a constant water-to-solids (solids = cement + filler) ratio of 
0.50 by mass was examined. The different TiO2 and limestone powders were added to 
cement at 5, 10 and 15% percentage replacement rates by mass. In some of the high 
dosage TiO2 mixes the workability of the cement-filler paste was reduced, but not to the 
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extent that chemical admixtures were required. Superplasticizers or other chemical 
admixtures were not added in any of the mixes because researchers have noticed that the 
hydration reaction is affected by the presence of these additives [9].  
The mixing procedure according to ASTM C 305 [129] was followed, with the 
following modification to mixing for the cement-filler mixes. In the cement mixes with 
fillers, the filler was initially added to the entire quantity of the water and mixed for 60 
seconds. This was followed by addition of cement and mixing according to the ASTM 
standard.  
 
3.2.2 Test Methodology 
3.2.2.1 Setting Time 
Vicat needle tests were used to measure setting time according to ASTM C 191 
Method A [130]. Based on consistency test for plain cement paste sample, the w/s was 
maintained constant at 0.35 in all the samples. Since a constant w/s was used a direct 
comparison is possible between samples with different fillers and replacement rates with 
TiO2. The penetration depth was measured every 15 minutes to measure initial and final 
set until time of final set. 
 
3.2.2.2 Flow Characteristics 
The flow characteristics of cement with TiO2 and limestone fillers could have 
implications for the workability of construction materials made with these fillers. The 
flow of cement paste sample with these fillers was studied using a modified version of 
the ASTM C 1437 mortar flow test [131]. Test samples were prepared without the filler 
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as well as with 5% of TiO2 and limestone filler. A constant w/s of 0.35 was maintained 
for all the samples to understand on the effect of these fillers on the change in flow 
characteristics.  
 
3.2.2.3 Isothermal Calorimetry 
Isothermal calorimetry was conducted, according to ASTM C 1679 [132], to 
study the early hydration behavior in terms of the rate of heat release as well as the total 
heat released. The rate of heat release and total heat released were measured using an 
isothermal calorimeter (TAM AIR, TA instruments) according to ASTM C 1702 [133], at 
25 °C, with a precision of ±20µW and accuracy greater than 95%. To prepare the 
samples, all materials and mixing equipment were equilibrated at 23±2 °C for 24h before 
the testing. The w/s (w/cm) was maintained constant at 0.50 in all the samples. Less than 
10g of samples were put in plastic ampoules and placed into the calorimeter within 5 
minutes after mixing with cement. The calorimetry data from the initial 15 minutes after 
mixing were excluded to allow the sample to equilibrate within the instrument. 
Measurements were made at least up to 80 hours from the start of mixing. 
 
3.2.2.4 Chemical Shrinkage 
Chemical shrinkage is the total change in volume of the reactants, typically a 
decrease in volume that occurs during cement hydration. Research has shown that the 
chemical shrinkage is proportional to the degree of hydration. Chemical shrinkage tests 
were conducted according to ASTM C 1608-07 Procedure A [134]. For all the mixes, the 
w/s was maintained constant at 0.50. Around 10g of the cement paste samples were put in 
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glass vials and the rest of the vial was filled with pure distilled water. The vials were then 
closed and mounted with a graduated capillary tube. The experimental setup was then 
placed in an environmental chamber where the temperature was maintained at 23 °C. 
Measurement of the volume change was conducted every 30 minutes in the first 24 hours, 
and then every 2 hours up to at least 50 hours after mixing of cement with water. The 
volume change measurements were obtained using a digital camera set on a time lapse 
photography mode and the images were analyzed at the end of the test. The use of an 
environmental chamber as well as time lapse photography allowed maintaining a constant 
temperature environment in the chamber. At least triplicate samples were used for every 
mix and the results were averaged for the samples. 
 
3.2.2.5 Autogenous Shrinkage 
Autogenous shrinkage is the self-created bulk strain during hydration of a sealed 
cement paste or mortar sample starting from the time of final set (measured earlier in a 
previous section). Autogenous shrinkage tests were conducted at w/s = 0.35 according to 
ASTM C 1698-09 [135], where the cement paste was sealed inside a corrugated plastic 
mold that offers low resistance to length change and thus allows measurement of length 
during hydration reaction. The sealed molds are stored in a constant temperature 
environment of 23 °C and length measurements are taken using a dilatometer after final 
set of the mix. Measurement of the length change was conducted every 30 minutes in the 
first 6 hours after mixing of cement with water, and then every 2 hours up to at least 12 
hours and subsequently every day. At least triplicate samples were used for every mix 




A LEO 1530 FE SEM was used for microscopic analysis of the hydrated cement 
paste samples. The samples used for microscopy were chipped off and were imaged after 
drying in an oven at 35°C for 3 days. Samples were sputter coated with gold if necessary. 
 
3.2.2.7 Activation Energy of Cement-Nanoparticle Mixes 
The procedure used for isothermal calorimetry was followed for the obtaining the 
data for calculating the activation energy of cementitious mixtures with nanoparticle 
additives. But in addition to isothermal calorimetry tests at 25°C, the tests were repeated 
for each of the mixes, at five different temperatures (15, 25, 35, 45 and 55°C) and the 
collected data used to calculate the activation energy using the two methods described 
below. Two different techniques were used to calculate the apparent activation energy: 1) 
a linear method which calculates the rate of reaction based on the linear slope of the heat 
evolution data and 2) a modified ASTM C1074 procedure that uses calorimetry data.  
 
Linear Method for Calculating Activation Energy 
The linear method of calculating the reaction rate and the activation energy of 
cementitious mixtures is a simple technique based on the calculation of activation energy 
from the slope of the heat release curve of cement. This method approximates the 
reaction rate to be the linear slope of the acceleratory region of the cumulative heat 
release curve of cement mixtures. The procedure for calculating the rate of reaction has 
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been previously described by other researchers [66, 79], but the main steps are listed 
below.  
1. Obtain the rate of heat release data for each cement mixture from the isothermal 
calorimeter and calculate the cumulative heat release per gram of cement of these 
mixtures (Figure 3.12).  
2. Calculate the reaction rate (k) as the linear slope of the cumulative heat release 
curve in the region of maximum slope. The region used to calculate the linear 
slope would typically include the peak of the hydration curve (which is clearly 
visible in the rate of heat release curve). Note that the rate of reaction is obtained 
from the cumulative heat release data and not from the rate of heat release data. 
Repeat process to obtain the reaction rate (k) at different temperatures for each 
mix (Figure 3.12). 
3. Plot natural logarithm of reaction rate (k) for each mix versus inverse of 
temperature (in Kelvin) and obtain the slope of the graph (Figure 3.13). 
4. According to Equation 2.2, multiply the negative of the slope of the graph of ln(k) 
vs. 1/T with universal gas constant R (8.314 J/mol/K) to obtain the activation 
energy for each mix. 
 
The linear method is the simplest technique for calculation of activation energy but 
has some drawbacks. Activation energy is highly dependent on the degree of hydration 
and researchers have suggested using data up to a degree of hydration of 0.5 for Ea 
calculations. In the linear method only the data in a narrow time region is utilized, which 
typically includes the acceleratory region as well as the peak hydration rate region. The 
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start of the acceleratory region can also not be easily discernible, especially for the lower 
temperature calorimetry experiments. Moreover, the determination of linear section of the 
heat evolution curve can be subjective due to possible multiple peaks due to C3S and C3A 
hydration. Even though these are some drawbacks of the linear technique, the first order 
differential calculation of reaction rate and hence activation energy obtained using this 
methods can be used as a simplified initial approximation of activation energy and a 
comparison for other techniques [66]. 
 
Modified ASTM C1074 Method for Calculating Activation Energy 
The ASTM C1074 uses a strength data and equivalent time concept to calculate 
the activation energy of cement mixes. Researchers have demonstrated that instead of 
using equivalent time in the Arrhenius equation (Equation 2.2), the hydration time 
parameter (τ) obtained from the three parameter model fit of the hydration data [64] can 
be used. Here, the activation energy (Ea) of cement mixes using τ was determined using 














where τref and Tref are the hydration time parameter and concrete temperature (in K) at the 
reference temperature, τc and Tc are the hydration time parameter and concrete 
temperature at different temperatures at which isothermal calorimetry was conducted and 
53 
 
R is the universal gas constant (8.314 J/mol/K). For the calculations in this research 25 
°C was considered as the reference temperature. 
 
The modified ASTM C1074 method calculates the activation energy of cement 
mixtures using the model fit parameters from the three parameter model of the degree of 
hydration data (Equation 2.5). The procedure for calculating the activation energy of a 
cement mix using the modified ASTM C1074 and the three parameter model is listed 
below and the models and equations used were discussed in a previous section.  
1. Obtain the rate of heat release data for each cement mixture from the isothermal 
calorimeter and calculate the cumulative heat release per gram of cement for these 
mixtures.   
2. Calculate using Equation 2.3 and 2.4, the variation (with time) of degree of 
hydration by dividing the cumulative heat released with the total heat of hydration 
of the cement mix (Figure 3.14). 
3. Model the degree of hydration using the three parameter model given in Equation 
2.5. Use a least square fit of the exponential function to solve for values of αu, τ 
and β. Obtain αu, τ and β values for the cement mix at each temperature tested. 
Calculate average value of αu and β for the mix using the values at different 
temperatures. Using these average values of αu and β, recalculate the values of τ at 
each temperature.  
4. Using Equation 3.1, plot natural logarithm of hydration time parameter (τ) versus 
inverse of temperature (in Kelvin) and obtain the slope of the graph (Figure 3.15).  
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5. According to Equation 3.1, multiply the negative of the slope of the graph of ln(τ) 
vs. 1/T with universal gas constant R (8.314 J/mol/K) to obtain the activation 
energy for each mix. 
 
3.2.2.8 Powers’ Model for Cement Hydration 
The modified Powers’ equation [47, 136] was used to model variation of chemical 
shrinkage with respect to degree of hydration (α) during cement hydration according to 
equations: 
 
 Chemical shrinkage: Vcs = 0.20(1 – p) α (1 – VF)  (3.2) 
 
 
where p = (w/c)/(w/c + w/ c) is the initial volume fraction of water in the mixture, w/c is 
the effective water-to-cements ratio, w and c refer to the densities of water and cement 
and VF is the volume fraction of filler in the blended paste before hydration (α=0). The 
variation of chemical shrinkage with respect to degree of hydration was modeled and 
compared with experimental chemical shrinkage to ascertain the validity of the Power’s 






3.3 Results and Discussion 
3.3.1 Setting Time 
The setting time results for portland cement and mixes with cement replaced with 
5% TiO2 and limestone powder are given in Figure 3.1. These results can be used for a 
comparative analysis between the ordinary portland cement mix and the mixes with 
fillers. The initial setting time for the portland cement mix was 165 minutes whereas the 
final setting time was 305 minutes.  
The initial and final setting time of the coarsest limestone used in the research 
(L1) exhibited a similar initial and final setting time compared to the portland cement 
mix. Other finer limestone powders tested resulted in a decrease in the setting time of the 
cementitious mix. As the particle size of the inert filler decreased (surface area increased) 
it was observed that the initial and final setting time decreased, with the finest particle 
reducing the setting time to the lowest measured value. The greatest decrease in initial 
and final setting time was observed for the T3-5% mix which had an initial and final 
setting time of 104 and 164 minutes respectively. Thus, the final setting time for the T3-
5% mix was observed to be reduced by 141 minutes, a reduction of 46%, which could 
have significant implications for construction industry by decreasing the turnover time 
for concrete elements. These results show that fine inert particles increase the rate of 










Figure 3.2. Flow characteristics results for cement mixes with 5% replacement of TiO2 





3.3.2 Flow Characteristics 
The flow characteristics results for portland cement and mixes with cement 
replaced with 5% TiO2 and limestone powder are given in Figure 3.2. Mixes with L1 and 
L2 (coarser fillers in this research) had flow values similar to the control mix. But other 
finer particles (L3, T1, T2 and T3) decreased the flow values compared to the portland 
cement mix, with finer TiO2 particles decreasing the flow values greatest. T3 at 5% 
decreased the flow values to 62% compared to the value of 111% of the portland cement 
mix. Thus, the use of nano fillers results in a decrease of the flow of cementitious 
mixtures which could reduce the workability.   
 
3.3.3 Isothermal Calorimetry 
3.3.3.1 Calorimetry Studies of TiO2–Cement Mixes 
Figure 3.3 shows the variation of the rate of hydration of ordinary portland 
cement (OPC) and TiO2–blended cements at 5and 10% replacement levels. For the 
control mix, after the initial region of high heat release (heat of dissolution) and dormant 
stage, the zone of accelerated reaction can be observed from ~1 to ~8 hours of age. The 
main peak of the hydration reaction corresponding to C3S hydration was observed at 7.5 
hours after mixing and is followed by the secondary peak of the C3A hydration at 8.5 





Figure 3.3. Heat of hydration of cement mixes with different types of TiO2 (T1, T2 and 
T3) at 5 and 10% replacement rates 
 
When compared to the heat evolution curve for the control mix, it can be 
observed from Figure 3.3 that as the dosage of TiO2 is increased, the peak of the 
hydration curve also increased. This is clearly demonstrated by the increase in peak of 
C3S as well as that of C3A. Since the peak for C3A is evident for all the mixes, 
comparison between the various mixes can be conducted using the C3A peak values. For 
example, the C3A hydration peak increased by 21.9% and 35.8% for the T2 mixes with 
5% and 10% respectively. A similar trend was observed for the other TiO2-cement mixes 
with the maximum increase in the peak hydration rate observed in T3 where 5 and 10% 
replacement of TiO2 resulted in an increase of 63.3% and 113.7% of the C3A peak. Thus 
the heat evolution by the cement paste mix increases with an increase in the dosage of 
TiO2 particles and particularly in the case of T3 at 10% replacement rate, the peak rate of 
heat evolution was more than double that of the control mix. 
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Figure 3.3 also shows with TiO2 fillers resulted in an acceleration of the hydration 
reaction in all the TiO2-cement paste mixes. The dormant stage of the reaction was 
shortened in all the mixes and the slope of the hydration curve was also steeper in the 
TiO2-cement mixes compared to the control mix. The time at which the peaks (both C3S 
and C3A peak) of the hydration curve were observed decreased with the replacement with 
TiO2. For example it was observed that 10% of T1, T2 and T3 accelerated the hydration 
reaction by ~80, ~180 and ~280 minutes (by comparing the time at which the C3A peak 
was observed). These results suggest that replacement of cement with TiO2 nanoparticles 
results in an increased rate of reaction of cement mainly due to heterogeneous nucleation 
and the effect of dilution was negligible. The results from the current research support the 
conclusions that were obtained by Lee and Kurtis [63] who also observed that the 
hydration of C3S was accelerated by the inclusion of TiO2 nanoparticles due to 
heterogeneous nucleation effects. The results from isothermal calorimetry in their 
research were supported by hydration modeling according to the boundary nucleation and 
growth model for cement hydration. Thus it can be concluded that the increase in 
hydration in the presence of fine fillers is due, at least in part, to heterogeneous 
nucleation which increases the rate cement hydration by boundary nucleation and growth 




Figure 3.4. Cumulative heat of hydration of cement mixes with different types of TiO2 
(T1, T2 and T3) at 5 and 10% replacement rates 
 
The effect of the fineness of the inert additives on cement hydration is also 
evident from Figure 3.3. By comparing T1 and T2, which were produced using similar 
processes by a single manufacturer, it was observed that the TiO2 with higher surface 
area (T2) accelerated and increased the rate of hydration more than the TiO2 with lower 
surface area (T1). Thus the rate of cement hydration in the presence of TiO2 depends on 
the surface area of the particles that are added to the cement, with higher surface area 
(smaller particle size) particles accelerating the reaction more than particles with lower 
surface area (larger particle size). This supports the conclusion that heterogeneous 
nucleation effect, which is dependent on the particle surface area, is the dominant effect 




Figure 3.4 shows the total energy released during the hydration of the control as well 
as various TiO2-cement mixes. It can be observed that the total energy evolved was 
higher for all the TiO2-cement mixes compared to the control mix. As observed in the 
heat of hydration curves, higher percentage replacement with TiO2 resulted in an 
increased total energy release compared to the control mix. If the total energy released at 
48 hours of hydration is compared, 5% and 10% T1 resulted in 7.4% and 12.0% increase 
in the total energy. The respective increases in energy for T2 was 13.8% and 19.3% 
whereas the highest increase in the hydration energy were for T3, where a 21.5% and 
29.2% increase in the total energy evolved was observed. When comparing the effect of 
surface area of TiO2 and comparing TiO2 that were produced by the same manufacturer, 
it can be seen that a higher surface area of TiO2 (T2) resulted in a higher total energy 
release compared to the lower surface area TiO2 (T1). Thus the total energy release curve 
also proves that the higher replacement with TiO2 and TiO2 with a higher surface area 
results in higher energy release by the TiO2-cement mixes. It should be noted that the 
total energy released by the mixes eventually will be the same as the cement slowly 
completes complete hydration. But in the initial stages of the reaction, within the first few 
days, the inclusion of TiO2 particles accelerates the energy release and the hydration 
reaction of cement.    
 
3.3.3.2 Calorimetry Studies of Limestone-Cement Mixes 
Figure 3.5 shows the variation of the rate of hydration of ordinary portland cement 
and limestone–blended cements at 5, 10and 15% replacement levels. Similar to the mixes 
with TiO2 filler, it was observed that L2 decreased the duration of the dormant stage of 
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the reaction, accelerated the rate of hydration and also result in an increased peak release 
of heat. But when compared to the mixes with TiO2 filler, the cement paste mixes with 
limestone L2 filler increased these quantities only marginally. The peak rate of hydration 
was increased by merely 0.6% and 5.0% for the mixes with 10% and 15% replacement, 
whereas the mix with 5% replacement showed a 4.1% decrease in peak hydration rate. 
When the time at which the peaks of the hydration curves are compared, it was observed 
that hydration was accelerated for all the mixes with L2. Five, 10 and 15% of L2 resulted 
in an acceleration of the reaction by ~15, ~40 and ~70 minutes when the C3A peaks are 
compared with the control mix.  
On the other hand all the mixes with L1 (the coarsest of the particles tested) 
resulted in a decrease in the peak hydration rate as well as a deceleration of the hydration 
reaction. 5, 10 and 15% replacement by L1 decreased the peak hydration rate by 7.6%, 
7.7% and 7.5%. These values suggest that the replacement with L1 resulted in a decrease 
in the hydration rate due to dilution effect and heterogeneous nucleation was not effective 
due to the relatively larger particle size of the limestone used. The replacement with L1 
also resulted in a marginal deceleration of the reaction by 21, 13 and 8 minutes, when the 
peaks of C3A hydration were compared. Thus the results from the two limestone powders 
that were tested suggest that if the size of the particle additives is larger (or surface area is 
smaller) than a particular limit, heterogeneous nucleation will occur and the only effect 





Figure 3.5. Heat of hydration of cement mixes with various percentages of limestone 
powders (L1, L2 and L3). (Note that the y-axis scale was maintained to be the same as in 
Figure 3.3)  
 
 
Figure 3.6. Cumulative heat of hydration of cement mixes with various percentages of 




Figure 3.6 shows the total energy released during the hydration of the control and 
the limestone-cement mixes. The total energy evolved was higher than or at least equal to 
the control mix for the mixes made with L2. For example, limestone-cement paste mixes 
of L2 15% replacement resulted in a 10.6% increase in the total energy released at 48 
hours of hydration when compared to the control mix. On the other hand all the mixes 
with L1 showed a marginally lower total energy released throughout the test duration, as 
can be observed in Figure 3.6.  
 
3.3.4 Hydration of Cementitious Mixtures at Different Temperatures 
Figure 3.7 shows the variation of the rate of hydration and cumulative heat of 
hydration of ordinary portland cement at different temperatures. It can be observed from 
Figure 3.7a that as the temperature increases, the peak value of the reaction rate 
increases. This is expected since a higher temperature increases the rate of cement 
hydration [137]. The increase in temperature also results in an acceleration of cement 
hydration, which is evident from the decrease in time required to reach the peak of 
hydration. For comparison the peaks of the hydration curve at 55°C, 45°C and 35°C were 
observed approximately at 130, 175 and 265 minutes respectively after mixing. The 
peaks of hydration are clearly discernable in the higher temperature mixes, whereas in the 
25°C and 15°C mixes the peaks are not sharp and it is difficult, for example, to discern 
between peaks associated with C3S and C3A reaction. Some researchers, see for example 
[71], have used the time to reach peak hydration rate as a measure of the hydration and 
have applied the Arrhenius equation (Equation 2.2) to calculate activation energy. But as 
observed in this research, the peaks were not clearly discernable at lower temperatures 
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and hence calculation of activation energy based on the time to reach the peak 
temperature release [71] might not be a feasible approach for all cases.    
 
 
Figure 3.7. (a) Rate of hydration and (b) cumulative heat of hydration of ordinary 
portland cement at different temperatures (15, 25, 35, 45 and 55°C) 
 
 
Figure 3.7b shows that the cumulative heat evolved at a particular time by the 
cement mix increases with an increase in temperature. Based on the increasing slope of 
the cumulative heat curve in the accelerating region of the hydration curve, it can be 
concluded that the rate of heat evolution (and hence the rate of cement hydration) 
increases with increasing temperature. 
 
3.3.5 Chemical Shrinkage 
Chemical shrinkage is the reduction in volume of hydrating cement-based materials 
due to the difference in absolute volume between the reactants and products. Figure 3.8 
shows the chemical shrinkage results for the different mixes with TiO2 and limestone 
powder fillers. It can also be observed that the chemical shrinkage curves are similar to 
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the cumulative heat evolution curves that were obtained from the calorimetry tests, as 
expected. Similar to the cumulative heat curves an initial slow rate of reaction is observed 
initially, followed by an accelerated reaction up to approximately 24 hours from the time 
of mixing. The increased duration of shrinkage is followed by a zone of stabilization 
where the shrinkage rate reduces considerably.  
 
 
Figure 3.8. Chemical shrinkage observed in samples with different percentages of TiO2 
and limestone powders: a – T1 mixes, b – T2 mixes, c – T3 mixes, d – L1 and L2 mixes 
 
 
From Figure 3.8 it can clearly be seen that T1, T2, T3 and L2 increased the chemical 
shrinkage observed in the cement paste compared the control OPC mix. Among the TiO2 
powders tested, the least percentage increase in chemical shrinkage was observed in T1, 






cement mixes with 10% replacement with TiO2 of T1, T2 and T3 were 8.13%, 17.58% 
and 15.69% respectively at 48 hours of hydration.  
The limestone-cement mix with limestone L2 also resulted in an increase in the 
chemical shrinkage as the particle size of the limestone was around 3μm. On the other 
hand the cement paste mix with replacement of cement with limestone L1 showed a 
decrease in the chemical shrinkage results, as can be observed in Figure 3.8(d). L1 was 
the coarsest of the fillers that were used in the current tests and thus it can be concluded 
that coarser fillers result in a reduced chemical shrinkage of cement paste mixes. As the 
particle size of the filler increases, as observed from the isothermal calorimetry results the 
cumulative heat of hydration decreases and hence the total degree of hydration decreases. 
Thus due to dilution effect the inclusion of coarse inert fillers result in decreased 
chemical shrinkage in filler-cement mixes.  
 
 
Figure 3.9. Difference in chemical shrinkage observed between samples with different 




In all the TiO2 mixes, the difference between the control mix and the mixes with 
TiO2 fillers increased considerably in the first 12 to 24 hours. After the first 24 hours, the 
curves of the OPC and the TiO2 mixes were almost parallel to each other with a 
difference between increase chemical shrinkage being negligible. Figure 3.9 shows the 
difference of the chemical shrinkage observed between mixes with additives and the 
control mix. The difference between TiO2-mixes and control mix increased considerably 
in the first 12 hours, decreased from this peak until ~24 hours and then remained almost 
steady after that with only a marginal increase in the chemical shrinkage difference. Thus 
it can be concluded that the effect of the TiO2 powders on chemical shrinkage is 
predominantly during the first 24 hours of the hydration reaction. On the other hand, in 
the mixes with limestone powder fillers, the difference between the OPC mix and the 
limestone mixes increased continuously with time and even after 24 hours the difference 
between the limestone-cement paste mix and the control mix continued to increase, as 
can be clearly seen in Figure 3.8(d) and Figure 3.9. For mixes with TiO2 filler, high 
chemical shrinkage was observed in the initial stages (first 12 hours) of hydration 
reaction but at this stage the cement paste mix is still plastic and gaining strength.  
For the limestone-cement mixes it can be observed that chemical shrinkage when 
compared to the control mix increases even after 24 hours. This increase in chemical 
shrinkage should be considered while designing mixes with finer limestone filler to 
reduce the likelihood of cracking. For example, Bentz et al., [86] showed that the coarsest 
limestone (with median particle size of 100 μm) used in their research did not result in 
cracking of the mortar specimens when tested according to the ASTM C 1581 [138] 
standard test for cracking of mortar specimens but all the other limestone-cement (with 
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median limestone particle size of 3-17 μm) mixes cracked. Thus higher shrinkage is 
induced by the use of fine fillers and result in cracking of cementitious materials during 
the hydration process, but further research has to be conducted on this topic.  
 
3.3.6 Autogenous Shrinkage 
Autogenous shrinkage is defined as the volume change in cement-based materials 
occurring without moisture transfer to the surrounding environment. Figure 3.10 shows 
the autogenous shrinkage results for the different mixes with TiO2 and limestone powder 
fillers. Similar to cumulative heat curves an initial slow rate of reaction is observed 
initially, followed by an accelerated reaction up to approximately 24 hours from the time 
of mixing. The increased duration of shrinkage is followed by a zone of stabilization 
where the shrinkage rate reduces considerably. In the ordinary portland cement mix and 
L1-cement mix, expansion was observed during initial stages of hydration. This behavior 
has been observed by other researchers and is due to bleed water reabsorption possible in 
cementitious mixtures with w/c greater than 0.30 [139]. In the filler-cement mixes with 
fine fillers (particle size <3µm), the higher filler surface area could have caused 






Figure 3.10. Autogenous shrinkage results for cement mixes with 5% replacement of 
TiO2 and limestone filler 
 
 
From Figure 3.10 it can clearly be seen that T1, T2, T3 and L2 increased the 
autogenous shrinkage compared the control mix. Among the TiO2 powders tested, the 
least percentage increase in autogenous shrinkage was observed in T1, followed by T2 
and T3 which is the decreasing order of filler particle sizes. For example the increase in 
autogenous shrinkage for the TiO2-cement mixes with 5% replacement with TiO2 of T1, 
T2 and T3 were 200%, 400% and 550% respectively at 24 hours of hydration. It should 
be noted that the cement paste mix exhibited a minor expansion during the autogenous 
shrinkage tests, which could be due to bleeding in the cement paste mix.  
The limestone-cement mix with limestone L1 resulted in an autogenous shrinkage 
behavior similar to the control cement paste mix till 24 hours of hydration. After 24 hours 
the L1 mix had a marginally lower shrinkage compared to cement paste mix. The 
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decrease in autogenous shrinkage in the coarsest limestone L1 is similar to the chemical 
shrinkage results. L2 and L3 limestone filler cement mixes exhibited an increase in the 
autogenous shrinkage compared to control cement paste mix. But with increasing time, it 
was observed that the difference between autogenous shrinkage of control mix and these 
limestone-cement mixes decreased.  
The increase in autogenous shrinkage observed in the fine inert filler-mixes, the 
decrease in shrinkage in L1 mix and the marginal difference between control mix and L2 
and L3 mix could be due to variation of interparticle spacing (pore size) which affects 
capillary stress, according to Kelvin/Laplace-Gibbs equation: 
 
rcap /2  (3.3) 
 
where σcap = capillary stress, γ = surface tension of the pore water, and r = pore size 
radius, where the radius for the smallest water-filled pore is generally used. That is, if 
interparticle spacing (pore size) increases, the capillary stresses decreases and hence the 
shrinkage decreases, which is possibly occurring in the case of L1. In the case of fine 
inert fillers (T1, T2 and T3) the interparticle spacing (pore size) could be decreasing 
which increases the capillary stresses and hence increase the autogenous shrinkage.    
 
3.3.7 Microscopy 
The size of the TiO2 particles was in the nanometer scale and once mixed, 
differentiating the TiO2 particles from the rest of the cement mix was difficult in the 
backscattered mode since the atomic weight of calcium and titanium are similar (40.078 
g/mol and 47.867 g/mol respectively). Hence when imaging samples the TiO2 filler, the 
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areas around agglomerates of TiO2 was imaged for easy characterization of cement paste 
in different regions. The agglomerates of TiO2 were easily distinguishable in the TiO2-
cement paste mix due to the differences in the morphology of the paste and TiO2.  
 
 
Figure 3.11. Scanning Electron Microscopy image of interface between TiO2 and cement 
paste 
 
Figure 3.11 shows that the cement paste in the region immediately adjacent to the 
TiO2 particles is dense and the morphology is significantly different from the cement 
paste away from the TiO2 agglomerate. The cement paste microstructure away from the 
TiO2 particles was found to be less dense and more porous. This suggests that hydrated 
cement paste immediately adjacent TiO2 particles could have a higher density and higher 
strength compared to the rest of the cement paste microstructure. It should also be noted 
that if the particles of TiO2 was well dispersed in the cement matrix rather than being 
agglomerated, the cement paste that formed could have a higher density and strength 
compared to the cement mix without any such fillers. Further investigation is necessary to 











3.3.8 Activation Energy Using Single Linear Approximation Method 
The apparent activation energy of cementitious materials represents the 
temperature sensitivity of the chemical reactions during hydration. A higher activation 
energy for chemical reactions will result in a greater variation of reaction rate with 
temperature change and hence a “higher sensitivity to temperature”. Such understanding 
is important for appreciating the influence of field temperatures on hydration rates and 
thus development of microstructure, time to set, and rate of strength development, among 
other features. 
As described previously, in this approach, the reaction rate (k) for each mix at 
different tempeartures was calculated using the maximum slope of the cumulative heat of 
hydration curve obtained at varying temperatures during isothermal calorimetry testing. 
For comparison of trends between mixes, the data and calculation procedure are 
explained for two mixes: ordinary portland cement mix and 5% T3 mix. The same 
procedure was followed for all the mixes, and activation energy for each are listed in 
Table 3.3. 
Figure 3.12a and 3.12b shows the cumulative heat release of ordinary portland 
cement and 5% T3 mixes at various temperatures (15, 25, 35, 45 and 55 °C). As observed 
earlier, the slope of the cumulative heat release graph increases with temperature for both 
the cement paste mixes. If corresponding mixes of ordinary portland cement and 5% T3 
mix are compared (for example the data at 15°C), it can be observed that the slope of the 
5% T3 mix is greater than the ordinary portland cement paste mix. This clearly shows 
that the accelerated hydration occurs in the nanoparticle-cement mixes, as was observed 
earlier in the rate of hydration and cumulative heat of hydration graphs (Figure 3.3 and 
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3.4). The reaction rates (k) of each mix at different temperatures were calculated as the 
linear slope of the cumulative heat release curve in the region of maximum slope. The 
regions used for calculating the linear slope are marked in bold on the cumulative heat of 
hydration graphs. In general a minimum R
2
 value of 0.99 was ensured while calculating 
the slope in the region of maximum slope in the cumulative heat release graph.  
 
   
Figure 3.12. Cumulative heat released by (a) ordinary portland cement and (b) 5% T3 
cement paste mix at different temperatures showing the linear regions used for 
calculating reaction rate 
 
 
Table 3.2 lists the values of the reaction rates (k) of ordinary portland cement and 
5% T3 cement mixes. From the data, it is evident that at each temperature the reaction 
rate of the T3 mix was greater than that of the ordinary portland cement mix. Similarly 
increased rates of reaction was observed in all the cement-filler mixes in this reseach 
when compared to the ordinary portland cement mix. The increase in reaction rate is 
attributed to increased hydration due to heterogeneous nucleation on the surface of fine 
fillers, which is similar to earlier observations by the current authors [53]. But it should 
be specifically noted that even though the rate of reaction at each temperature is higher 
for the 5% T3 mix, the activation energy does not necessarily have to be greater for the 
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5% T3 mix. The activation energy depends on the rate of change of reaction rate (k) at 
different temperatures and not the individual reaction rate at each temperture. 
 
Table 3.2. Reaction rate of ordinary portland cement and 5% T3 mix using single linear 
approximation method 
Temperature (°C) 15 25 35 45 55 
Reaction rate 
(J/kg/s) 
OPC 2.65 4.83 8.36 13.34 20.12 
5% T3 3.91 6.79 12.49 20.57 32.70 
 
The variation of natural logarithm (ln(k)) versus the inverse of absolute 
temperature (1/T) for the two mixes are given in Figure 3.13a and 3.13b respectively. 
According to Arrhenius equation (Equation 2.2), the slope of the graphs of ln(k) versus 
1/T were multiplied with negative of universal gas constant to obtain the activation 
energy. The calculation was repeated to obtain the apparent activation energy for each of 
the mixes for which isothermal calorimetry tests were conducted.  
 
  
Figure 3.13. Variation of natural logarithm of reaction rate (ln(k)) with inverse of 
temperature (1/T) for (a) ordinary portland cement and (b) 5% T3 cement paste mix 





Table 3.3 lists the activation energies calculated using the linear method for all the 
mixes. Compared to the portland cement, all the cement-filler mixes exhibited a higher 
activation energy. The activation energy for the 10% mix for each filler was greater than 
the activation energy for the 5% mixes of the same filler. That is, increasing the dosage of 
filler resulted in an increase of the activation energy of the cement-filler mixture. Thus, it 
can be concluded that the inclusion of very fine but inert fillers can increase the 
activation energy of cementitious mixtures.  
 
Table 3.3. Activation energy calculated according to linear approximation method 
OPC 5% L3 10% L3 5% T1 10% T1 5% T2 10% T2 5% T3 
39.93 40.23 40.85 39.96 40.45 40.43 41.15 42.10 
 
 
3.3.9 Activation Energy Using Modified ASTM C1074 Method 
The modified ASTM model calculates the activation energy of cement mixes 
using the parameters obtained from the three parameter model for cement hydration data. 
The degree of hydration was obtained from the calorimetry data for each mix, using 
Equation 2.3 and 2.4. The degree of hydration was modeled according to the three 
parameter model given in Equation 2.5 to obtain the parameters αu, τ and β. The 
hydration time parameter (τ) at different temperatures for a mix was used to calculate the 
activation energy using Equation 3.1. For comparison of trends between different mixes, 
the data and calculation procedure are explained for two mixes: ordinary portland cement 
mix and 5% T3 mix. Similar procedure was followed for all the mixes and activation 





Figure 3.14. Degree of hydration of (a) ordinary portland cement and (b) 5% T3 cement 
paste mix obtained from isothermal calorimetry data at 15, 25, 35, 45 and 55 °C  
 
 
Figure 3.14a and 3.14b shows the degree of hydration obtained at various 
temperatures for ordinary portland cement and 5% T3 mix respectively. The degree of 
hydration data is similar to the cumulative heat release curve shown in Figure 3.4. In each 
graph it can be observed that the degree of hydration at any time increases with an 
increase in temperature. This shows that cementitious mixes hydrate faster with an 
increase in temperature.  
If the data at the same temperature are compared for the two mixes, it can be 
observed that 5% T3 attains a greater degree of hydration at any time when compared to 
the ordinary portland cement mix. For example, the degree of hydration at 50 hours for 
the 15°C experiments were 0.48 and 0.57 for the ordinary portland cement and 5% T3 
mixes respectively. Alternatively, the time required to attain a certain degree of hydration 
is lower for the 5% T3 mix. For example, comparing the 15°C data, 5% T3 attains a 
degree of hydration of 0.50 at 30.45 hours compared to ordinary portland cement mix, 
which attains α=0.50 at 56.10 hours. Similar higher degree of hydration was observed for 
all the nanoparticle-cement mixes when compared to the ordinary portland cement mix.  
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The degree of hydration data was modeled according to the three parameter model 
given in Equation 2.5 to obtain the parameters αu, τ and β using a least square fit of the 
exponential function. The values of αu, τ and β obtained for all the mixes are listed in 
Table 3.4. Comparing the value of αu, it can be observed that the inclusion of 
nanoparticles results in an increase in the value of αu demonstrating that the maximum 
degree of hydration is higher for the nanoparticle-cement mixes. The increase in αu and 
hence the maximum degree of hydration is greatest for the most dispersed nanoparticle 
(T3) and αu increases with increasing dosage of the nanoparticle. It was also observed 
that β decreases due to the inclusion of nanoparticles. Thus nanoparticles result in higher 
degree of hydration during initial stages of the reaction due to heterogeneous nucleation. 
For each of the mixes, it can be observed that an increase in the temperature 
resulted in a decrease in τ. Thus the increase in temperature accelerated the reaction as 
well as decreased the time at which the peak rate of hydration occurs. This was earlier 
observed in the rate of hydration graph, cumulative heat of hydration data as well as the 
degree of hydration data. When different cementitious mixes at the same temperature are 
compared it can be observed that the inclusion of nanoparticles resulted in a decrease in τ, 
reiterating the observation from previous data that nanoparticles accelerated hydration of 
cement. From Table 3.4 it can also be observed that higher the dosage of nanoparticles 
the lower is the value of τ, showing a greater acceleration of hydration with higher 
dosage of nanoparticle. The greatest decrease in value of τ was observed in the 5% T3 
mix, which was the smallest nanoparticle tested in this research. Thus by comparing the 
values of αu, τ and β it can be concluded that nanoparticles results in acceleration of 
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hydration, greater initial degree of hydration and possibly greater final degree of 
hydration due to heterogeneous nucleation. 
 
 
Figure 3.15. Variation of natural logarithm of hydration time parameter (ln(τ)) with 
inverse of temperature (1/T) for (a) ordinary portland cement and (b) 5% T3 cement paste 




Figure 3.15 shows the variation of the natural logarithm of the hydration time 
parameter (ln(τ)) versus inverse of absolute temperature (1/T) for ordinary portland 
cement and 5% T3 mix, according to Equation 3.1. The apparent activation energy was 
calculated by multiplying the negative of the slope of plot of ln(τ) versus 1/T with the 
universal gas constant. The activation energy for ordinary portland cement and 5% T3 
mix was calculated to be 36.31 kJ/mol and 39.52 kJ/mol respectively. The activation 
energy was calculated similarly for all the mixes and is listed in Table 3.4. Thus it was 
observed that the inclusion of nanoparticles resulted in an increase of the activation 
energy of the cementitious mix. This was the same trend that was observed when 




Table 3.4. Activation energy (Ea) and parameters of three parameter model (αu, τ and β) 




The classical definition of activation energy could result in a notion that since 
reaction rate at all temperatures are lowered the activation energy of hydration should 
also be lower when nanoparticles are added to cement. But activation energy is calculated 
based on the relative change of the reaction rate at different temperatures and not on the 
absolute reaction rate at any temperature. Thus, the authors would like to reiterate that the 
acceleration (or deceleration) of cement hydration reaction at a temperature does not 
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imply that the activation energy would be lowered (or increased). For example, 
researchers have earlier observed a decrease in the apparent activation energy of cement 
hydration when retarding admixtures were used in cement [77]. In the current research it 
was observed that the inclusion of nanoparticles increased the cement hydration rate as 
well as increased the apparent activation energy of cement mixes. 
The activation energy calculated for cementitious materials is a representation of 
“apparent” activation energy of the combined hydration reaction that includes reaction of 
several minerals, producing several products based on a reaction mechanism that changes 
with time. Thus, apparent activation energy for cement should not be treated as potential 
energy to be overcome for a reaction to proceed as defined in the classsical definition of 
the Arrhenius theory. Apparent activation energy should instead be considered as a 
measure of the temperature sensitivity of the hydration reaction and as a tool to 
understand and compare the temperature sensitivity of different cementitious mixtures. In 
the current research it was observed that the inclusion of nanoparticles of various sizes 
resulted in an increase in the activation energy of the cement mixes. The increase in 
activation energy with nanoparticle additives thus demonstrates an increased sensitivity 
to tempearture.  
Portland cement reacts with water as a combination of surface controlled 
(homogeneous nucleation) reaction and diffusion controlled reaction. The presence of 
nanoparticles in cement results in increased cement hydration due to heterogeneous 
nucleation, an additonal reaction mechanism [53, 140]. The hydration reactions is less 
dependant on diffusion controlled process in the presence of nanoparticles. Aqueous 
diffusional-controlled processes have activation energies less than 20 kJ/mol, while 
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processes controlled by rates of chemical reaction tend to have significantly higher 
activation energies [71]. Previous research has shown that higher apparent activation 
energies are observed during hydration that is less dependent on diffusion (in the 
presence of slag) [79]. Thus the combination of reactions due of heterogenous nucleation, 
homogeneous nucleation and diffusion controlled reaction could result in an apparent 
activation energy which is greater than ordinary portland cement mix. 
 
 
Figure 3.16. Comparison of activation energy of nanoparticle-cement mixtures calculated 
using linear method and modified ASTM C1074 method 
 
The values of apparent activation energy calculated using the linear slope method 
was greater than the values calculated using modified ASTM C1074 method. But of 
greater significance is the for comparison of the relative trends between the different 
mixes when compared to ordinary portland cement. Figure 3.16 shows the comparison of 
the activation energy obtained using linear method and modified ASTM C1074 method. 
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It can be observed in Figure 3.16 that the trend followed by activation energy calculated 
using both the methods is similar with good correlation between the R
2
 values (0.936). 
Thus for cementitious mixtures containing nano and other fine fillers, both linear as well 
as modified ASTM C1074 method can be used to calculate the apparent activation energy 
values, especially when used as a tool to compare between different combination of 
materials. 
These results show that the temperature sensitivity of cement hydration reactions 
increase due to the inclusion of these nanoparticles. Hence reaction of cement with water 
is accelerated much greater in nanoparticle-cement mixes compared to ordinary portland 
cement mixes, when exposed to similar changes in temperature. A higher ambient 
temperature could result in much faster setting and strength gain in nanoparticle-concrete 
mixes and hence a faster turnover time. But, the negative impacts of increased thermal 
stresses should also be considered due to increased temperature sensitivity and higher 
temperatures. 
 
3.3.10 Powers’ Model for Cement Hydration 
The Powers’ model was utilized to model variation of chemical shrinkage with 
respect to degree of hydration according to Equation 3.1. Filler-cement mixes at 0%, 5%, 
10% and 15% of cement replacement with filler was modeled and compared with 





Figure 3.17. Variation of chemical shrinkage of TiO2-cement mixes with degree of 
hydration according to Powers’ model 
 
 
Figure 3.18. Variation of chemical shrinkage of limestone-cement mixes with degree of 
hydration according to Powers’ model 
 
Figure 3.17 and Figure 3.18 shows the variation of chemical shrinkage of filler-
cement mixtures with TiO2 and limestone respectively, according to the Powers’ model. 
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Table 3.5 lists the modeled chemical shrinkage values of the TiO2 and limestone filler 
cement mixes at complete hydration (α=1).  It can be observed from Figures 3.17 and 
3.18 and Table 3.5 that the replacement of cement with filler decreased the chemical 
shrinkage of the filler-cement mixture. The decrease in chemical shrinkage is 
proportional to the degree of hydration as well as the dosage of filler, as would be 
expected.  
 
Table 3.5. Chemical shrinkage of cement mixes at 100% hydration obtained using 
Powers’ model and experimental data (extrapolated) 




OPC 0.078 0.066 
L1 
5% 0.074 0.067 
10% 0.070 0.063 
15% 0.067 0.060 
L2 
5% 0.074 0.076 
10% 0.070 0.074 
15% 0.067 0.073 
T1 
5% 0.071 0.063 
10% 0.065 0.064 
T2 
5% 0.071 0.066 
10% 0.065 0.064 
T3 
5% 0.071 0.597 
10% 0.065 0.602 
 
 
Figure 3.17 and the data in Table 3.5 (Powers’ model) for the TiO2–cement 
mixtures demonstrate that the chemical shrinkage of filler-cement mixtures depends only 
on the dosage of the filler and not on the type (i.e., size) of TiO2   used. Similar behavior 
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was observed in the limestone-cement mixes. It is clear, based upon the model 
parameters, that Powers’ equation only considers the dosage and the density of the filler 
and does not consider effect of particle size of filler on hydration reaction.  
To examine the goodness of fit as hydration proceeds, Figure 3.19 shows the 
variation of the experimental chemical shrinkage with degree of hydration for the TiO2-
cement mixes. During initial stages of hydration (α<0.3) there is a greater difference 
between the experimental chemical shrinkage of the TiO2-cement mix, and with 
increasing degree of hydration the difference between chemical shrinkage decreases. 
Thus, at initial stages of hydration (α<0.3), a higher chemical shrinkage is observed in the 
ordinary portland cement mix compared to the TiO2-cement mixtures, an opposite trend 
as observed in the Powers’ model calculations.   
 
 
Figure 3.19. Variation of chemical shrinkage of TiO2-cement mixes with degree of 




Figure 3.19 also shows that the type of TiO2 affects the chemical shrinkage; T3 
resulted in greatest difference compared to the plain cement mix. The difference of 
experimental chemical shrinkage from the modeled chemical shrinkage (Figure 3.17) 
could be due to heterogeneous nucleation effect in the presence of fine inert fillers. The 
Powers’ model [47] considers only dilution effect of fillers and does not consider 
heterogeneous nucleation effect. Thus the increased rate of hydration in the presence of 
fine inert fillers and hence the variation in chemical shrinkage could not be modeled 
according to the Powers’ model.  
 
 
Figure 3.20. Variation of chemical shrinkage of limestone-cement mixes with degree of 
hydration using experimental data 
 
      Figure 3.20 shows the variation of experimental chemical shrinkage for the 
limestone-cement mixes. The chemical shrinkage values of L1-cement mix during initial 
stages of hydration were similar to plain cement. With increasing degree of hydration the 
L1-cement mixes exhibited a decreasing chemical shrinkage compared to plain cement 
88 
 
mix. Thus, the trend of experimental chemical shrinkage of limestone L1 compared to 
plain cement paste is similar to that observed in the Powers’ model chemical shrinkage 
(Figure 3.18). These results show that Powers’ model can be used to predict the trend of 
chemical shrinkage of filler-cement mixtures when coarse fillers (>3µm particle size) are 
used, or, that is, when dilution effect is dominant.  
Figure 3.20 also shows that the experimental chemical shrinkage of L2-cement 
mix was greater than the plain cement mix, at later stages of hydration. Although this 
graph is similar to the variation of chemical shrinkage with time (Figure 3.8d), the trend 
is not similar to the Powers’ model chemical shrinkage since the Powers’ model 
predicted a lower chemical shrinkage in filler-cement mixes when compared to plain 
cement mix. The effect of finer limestone fillers and model parameters thus needs further 
research, since the possible formation of hemi- or mono-carboaluminate phases in the 
presence of limestone could be resulting in additional reaction products not considered in 
the model and affecting chemicals shrinkage results [54]. 
The comparison of Powers’ model with experimental chemical shrinkage results 
shows that the Powers’ model can be used to predict trends of filler-cement mixes when 
coarse fillers are used and when dilution effect is dominant. The results from this 
research show that Powers’ model is not applicable to filler-cement mixtures where the 
filler modifies the cement hydration reaction due to heterogeneous nucleation. 
Comparing the data in Table 3.5, it can be observed that the experimental and Powers’ 
model values of chemical shrinkage do not match, even if the standard deviation of the 
experimental results is considered, A trend is not evident between different filler-cement 
mixes or different dosages of the same filler. Thus, further research is required to predict 
89 
 
chemical shrinkage using Powers’ model for filler-cement mixtures, and in particular to 
consider variations in cementitious mixture composition which may affect model 
accuracy, and also to modify Powers’ model to include the effect of heterogeneous 
nucleation on cement hydration and chemical shrinkage.  
 
3.4 Summary 
The effect of nano and micro fillers of TiO2 and limestone on the early age properties 
of cementitious materials was examined in this chapter. The conclusions for this part of 
the research are summarized below. 
 High surface area inert particles (<3µm) can be used to accelerate and increase 
rate of cement hydration due to dominant heterogeneous nucleation effect. Larger 
inert particles (>3µm) can be used to maintain the rate of cement hydration due to 
dominant dilution effect.  
 Chemical and autogenous shrinkage increases due to the addition of high surface 
area inert particles, but coarser inert fillers decreases shrinkage due to dilution 
effect.  
 Apparent activation energy and hence temperature sensitivity of cementitious 
mixes increases due to the addition of nanoparticles. Activation energy increases 
with dosage, dispersion and surface area of nanoparticles.  
 Powers’ model can be used to model trends of filler-cement mixes when coarse 
inert fillers are used. But the Powers’ model has to be modified to predict 
chemical shrinkage values and trends and the updated model should also consider 
modification of cement hydration in the presence of finer inert fillers 
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(heterogeneous nucleation effect) and the formation of additional products, 
including those not present in traditional portland cement binders but potentially 
formed in limestone-cement mixtures. 
 
The results from the investigation of the early age properties of cementitious materials 
with nano and microparticles of TiO2 and limestone demonstrate that inert fillers can be 
used to tailor early age properties. The effect of filler on early age properties (hydration 
rate, shrinkage and temperature sensitivity) depends on the particle size and dosage of 
filler and was not significantly affected by the type of inert filler used. Thus any inert 
filler could potentially cause similar effects on early age hydration. Hence, after selecting 
the particle size of the filler for modification of early age properties, any filler type could 
be selected based on expected impact on cost, modification of late age properties, novel 
properties (e.g. photocatalysis) and environmental impact due to the inclusion of the filler 








CHAPTER 4  
LONG TERM PROPERTIES OF CEMENTITIOUS MATERIALS 
WITH NANO AND MICROPARTICLE ADDITIVES 
 
4.1 Introduction 
Long-term properties of cementitious systems can be affected by addition of nano 
and microparticles to cement because of their potential to modify porosity, pore size 
distributions and permeability [9]. The long-term performance, especially strength and 
durability of cementitious materials could also impact sustainability of construction 
materials [85]. Thus, due to the increasing application of TiO2 and limestone modified 
cementitious systems and their potential for environmental benefit, it is crucial that the 
long term performance of this emerging class of materials be examined more 
comprehensively.  
In the previous chapter as well as in recent research (including that by the current 
author), TiO2 nanoparticles and sub-micron sized limestone have been shown to 
accelerate cement hydration by providing additional surfaces causing heterogeneous 
nucleation of hydration products [53, 63, 140, 141]. Since cement hydration has a strong 
influence on the pore structure, the presence of fine fillers, which nucleates the growth of 
hydration product, could modify the pore structure and hence affect porosity and 
permeability.  
In this chapter, the effects of the addition of several commercially available TiO2 
nanoparticles and limestone microparticles on the long term properties of cementitious 
materials are examined. In the long term tests, analysis of compressive strength 
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development, permeability, surface resistivity, and pore size distribution were conducted, 
all at varying percentages replacement of cement with TiO2 and limestone. The overall 
aim of this section of the research was to better understand the influence of the TiO2 and 
limestone fillers in the nano and microparticle size range on long term cementitious 
materials properties and to further tailor cementitious materials to possibly achieve 
desired long term properties. 
 
4.2 Experimental Procedure 
4.2.1 Materials  
Commercially available TiO2 and limestone powders, of different particle sizes and 
surface areas, were utilized for this research. Ordinary ASTM C 150 Type I portland 
cement (Lafarge) with median particle size of 10.08 µm was used and had a potential 
Bogue composition of 51.30% C3S, 19.73% C2S, 8.01% C3A and 9.41% C4AF and 
0.40% Na2Oeq. Table 3.1 lists the properties of the different fillers that were added to the 
cement and shows that the titanium dioxide powders’ surface areas are greater and the 
particle size smaller than the limestone powders.  
The effect of replacement of cement with TiO2 and limestone at 5% and 10% on the 
hydration of ordinary portland cement at a constant water-to-solids ratio of 0.50 by mass 
was examined. Superplasticizers or other chemical admixtures were not added in any of 
the mixes because researchers have noticed that hydration reaction is affected by the 
presence of these additives [9].  
93 
 
Cement paste samples were used for the specific surface area analysis and strength 
tests and concrete samples were used for the chloride permeability and surface resistivity 
tests. The mixing procedure for cement pastes was conducted according to ASTM C 305 
[129] and for concrete according to ASTM C 192 [142], with the following modification 
to mixing for the cement-filler mixes. In the cement mixes with fillers, the filler was 
initially added to the entire quantity of the water and mixed for 60 seconds using a 
handheld mixer at medium speed. This was followed by addition of cement and other 
materials (if any) and mixing according to the ASTM standard. The concrete mix design 
that was used for the rapid chloride permeability test and surface resistivity tests is listed 
in the Table 4.1. 
 
Table 4.1 Concrete mix design used for chloride permeability and surface resistivity tests 
(for 1 cu. yd. concrete) 
  
0% filler mix 
(lbs) 
5% filler mix 
(lbs) 
Water  315 315 
Cement 630 598.5 
Coarse Aggregate 1746 1746 
Fine Aggregate 1277 1277 
Filler 0 31.5 
 
 
4.2.2 Test Methodology  
4.2.2.1 Strength Test 
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Compressive strength tests of cement pastes at different replacement rates of TiO2 
and limestone was determined using ½” (2.54cm) cement paste cubes. Samples were 
prepared according to ASTM C305 [143], cast in plastic cube molds and were vibrated in 
the molds for better compaction. The samples were demolded after 24 hours of curing at 
100% RH, and stored in limewater at room temperature (23±2°C) until the compression 
testing. To ensure similar condition among all the samples at the time of the testing, the 
samples were maintained to be wet until just prior to testing. Samples were tested at 1, 3, 
7, 14 and 28 days of age.  
Tests were performed on samples of w/s=0.50 and at TiO2 and limestone 
replacement rates of 10% dosage rates. A loading frame (Instron Satec Materials Testing 
Machine) with a capacity of 100kN (22kips) was used in a load controlled test. A loading 
rate of 500 lbs/min (226 kg/min) was used for the compressive strength tests. At least 
twelve samples were tested per sample type and age and results were averaged.  
 
4.2.2.2 Pore Size Distribution 
Nitrogen adsorption and desorption technique for porosity measurements was 
conducted using a Micromeretics ASAP
®
 2020 accelerated surface area and porosity 
analyzer. The relative pressure range used for the adsorption and desorption was from 
0.002 - 0.995. Surface area was calculated using the BET [144] analysis method, over a 
relative pressure range of 0.05 – 0.30 on the adsorption isotherm. Total pore volume 
available to nitrogen (in the size range 3 – 40 nm pore radius), average pore width are 
pore size distribution were calculated using the Barrett, Joyner, Hallenda (BJH)  [145] 
method using the data from the desorption isotherm.  
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Although researchers have noted that surface area measurements vary with 
technique, adsorbate and sample preparation [146], the use of nitrogen adsorption-
desorption technique and comparison of results using BET surface area and pore size 
analysis using BJH desorption is regularly used for comparing among companion cement 
samples [147]. The variations due to sample preparation were minimized in this research 
by preparing samples using the same methodology. The samples used in this research 
were prepared similarly by curing at 100% relative humidity. Samples at 1, 3 and 28 days 
of curing and were freeze dried and stored under sealed conditions until further testing. 
The results from the 28-day cured samples could be used to compare long-term surface 
area and pore structure of the ordinary portland cement and filler-cement mixtures.  
  
4.2.2.3 Rapid Chloride Permeability Test 
The rapid chloride permeability test (RCPT) can be used to determine the relative 
permeability of concrete samples. The test is conducted according to ASTM C1202 
[148], where the coulomb value of the total charge that passes through concrete is used as 
a measure of concrete permeability. The charge passed depends on the pore structure as 
well as the pore solution chemistry in concrete [149]. The charge passed correlates to the 
resistance of the concrete specimen to chloride ion penetration, an indirect indication of 
the permeability of concrete [150-152]. Research has shown that the charge passed in 
RCPT in a plain cement concrete was well correlated with the chloride penetration data 
obtained from a 90-day ponding test [153]. But researchers also note that the values may 
be inaccurate if the concrete is atypical – concrete with SCMs or chemical admixtures. 
Researchers have also raised concern about the ability of RCPT to determine the chloride 
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permeability of concrete mixtures containing mineral admixtures including silica fume, 
slag and fly ash [153], since the test measures the movement of all ions present and not 
just chloride ions. The movement of ions, especially in high permeability concrete can 
increase the temperature, which in turn can increase the charge passed [149].  
In the current research, concrete cylindrical (4”x8”) samples were prepared at 
w/s=0.50 and stored in saturated lime water for 28 or 56 days before testing. The samples 
were then cut to 2” slices using a water cooled diamond saw to obtain 2 cut faces on each 
side. The cut samples were placed in a desiccation chamber and a vacuum less than 1mm 
Hg was applied for 3 hours using an electric pump. De-aerated water was introduced into 
the chamber while maintaining vacuum till all the samples were submerged and the pump 
was allowed to run for 1 hour. After the 4-hour desiccation and introduction of water, the 
vacuum was removed and the samples were allowed to return to atmospheric pressure 
and left submerged for 18 hours.  
The fully saturated specimen was then subjected to a 60 V DC voltage for 6 
hours, with one face exposed to a 3% sodium chloride (NaCl) solution and the other face 
exposed to a 0.3M sodium hydroxide (NaOH) solution. The RCP test procedure 
according to ASTM C 1202 was followed for the test [151].   
 
4.2.2.4 Surface Resistivity Test 
The surface resistivity test is a relatively new test which is being accepted and 
implemented in concrete research [152] and a provisional AASHTO test was also 
released recently (AASHTO TP 95). The surface resistivity test overcomes some of the 
inherent shortcoming of the RCP test (mentioned earlier), and the specimen conditioning 
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to be is less time and labor intensive. For concrete testing using surface resistivity, the 
Wenner array is used which utilizes four equally spaced surface contacts. A small 
alternating current is passed through the sample between the two outer contract points, 
and the potential difference between the two inner contact points is measured using a 
voltmeter. The resistance (R) is measured by dividing the voltage (V) by the current (I). 
The resistivity of the concrete sample can be obtained by multiplying the resistance with 
a cell conversion factor, called the cell constant [154]. In the current research, a 4-point 
Wenner probe (Proceq Resipod) with 1.5” probe spacing was used, and the reading of the 
resistivity value was directly displayed on the instrument.  
Unlike the RCP test, the surface resistivity testing does not damage the sample 
and the same sample can be reused for testing at different ages. Hence, the surface 
resistivity testing was conducted every 2-3 days during the first 14 days of age and at 
least once every 7 days until 56 days of age. The samples were taken out of the curing 
tank and surface resistivity measurements were conducted under surface wet conditions 
after wiping off any excess surface water. The measurements were averaged using eight 
readings taken at 0°, 90°, 180° and 270° and repeated again at 0°, 90°, 180° and 270° 
along the circumference of the cylinder. 
 
4.3 Results and Discussion 
 
4.3.1 Strength Development  
Compressive strength of cement and cement-filler paste samples containing 0% 
and 10% TiO2 and limestone was measured at 1, 3, 7, 14 and 28 days of age at water-to-
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solids ratio of 0.50. Figure 4.1 shows the strength development trend for ordinary 
portland cement and filler-cement mixes, depicted using average strength of at least 12 
samples. By comparing average strength results, it was observed that during initial stages 
of hydration (1 day), T1, T3 and L3 had strength greater than or comparable to the 
ordinary portland cement mix, whereas at later ages (14 and 28 days), the strength of all 
the filler-cement mixes were lower than the ordinary portland cement mix. But, as 
observed by the error bars in Figure 4.1, the variation of strength data (standard 
deviation) associated with each data point was high. The smaller size of the test sample 
used as well as possible effect of imperfections could have increased the variation in 
strength data observed in Figure 4.1. 
 
 
Figure 4.1. Strength test results for TiO2 and limestone modified cements at 10% 





To better compare among the strength test data with high variability (standard 
deviation), a single factor analysis of variance (ANOVA) test was conducted using a 5% 
confidence interval. The strength of each individual filler-cement mix was compared with 
the plain cement mix and the results of the ANOVA test are given in Table 4.2. The 
results show that at 1 day, the strength of T1 and L3 filler-cement mixes can be 
considered the same as the strength of the plain cement paste mix. T3 (the smallest 
particle-sized filler tested) had a higher strength compared to plain cement paste, whereas 
L1 and L2 (the coarser limestone fillers) had lower strength compared to plain cement. 
The 28-day ANOVA results show that most of the filler-cement mixes (except for L2) 
had a strength value that was different from the ordinary portland cement mix. The lower 
average strength of all the filler-cement mixes, as shown in Figure 4.1, along with the 
ANOVA results demonstrates that the addition of fillers decreases the 28 day (long term) 
strength of filler-cement mixes. 
 
Table 4.2. Results from analysis of variance (ANOVA) of strength data  
    
OPC-T1 OPC-T3 OPC-L1 OPC-L2 OPC-L3 
P-value 
 
1 day 0.24 0.004 0.0006 0.0009 0.18 
28 day 0.018 0.037 0.026 0.12 0.0004 
 
 
Figure 4.1 shows that during the initial stages of hydration (1 day), T1, T3 and L3 
cement-filler mixes had strength higher or comparable to the ordinary portland cement 
paste mix. The mix which showed greater initial strength than plain cement paste at both 
1 and 3 day tests was the T3-cement mix. In the previous chapter on early age properties 
it was observed that the effect of heterogeneous nucleation was dominant during early 
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hydration, especially in the first 24 hours of hydration. It was also observed that T3 was 
the TiO2 which increased the degree of hydration (total heat released) by the greatest 
amount in the isothermal calorimetry tests. Thus the higher strength of the TiO2-cement 
mix in the 1 and 3 day tests was because of the higher degree of hydration caused by 
heterogeneous nucleation effect.  
The strength of the filler-cement mixes was lower compared to the ordinary 
portland cement mix at later stages of testing (14 and 28 days). Comparing the 28 day 
average strength values, it was observed that the strength of the filler-cement mixes 
ranged from 73% to 92% of the ordinary portland cement mix. The lower strength of the 
filler-cement mixes could be due to the lower cement content in those mixes since 10% 
of the cement was replaced with fillers by maintaining a constant w/s. Thus with 
increasing cement hydration due to a diffusion controlled process [74, 155], the plain 
cement mix could have a higher content of hydrated cement compared to the filler-
cement mixes. Hence at later ages, as more cement undergoes hydration, the total cement 
content and dilution effect could be the dominant factor which affects properties of 
cementitious systems. The lower strength of filler-cement mixtures could also be due to 
shrinkage which was observed to increase, especially with nanoparticle fillers. Shrinkage 
and shrinkage cracking could also result in a decrease of the strength of cementitious 
mixtures.   
 The compressive strength results obtained in this research is similar to that 
obtained by other researchers who studied the effect of replacement of cement with 
fillers. Some researchers observed that the replacement of cement with limestone resulted 
in marginal decrease of 28 day strengths at replacement rate of 15% [20] or even at 5% 
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replacement rate [156]. But other researchers have observed a marginal increase in 28 
day strength for limestone cements with 5% limestone [157]. The increase in 
compressive strength observed in portland limestone cements is due to the additional 
grinding of limestone cement (during grinding of clinker) that results in finer cement 
grains and hence faster and higher degree of hydration and higher compressive strength. 
In the current research, blended cement was used where the limestone was added to water 
before mixing of cement with water and hence inter-grinding or reduction of cement 
fineness was not achieved. Further research is required to compare and understand the 
relative effects of blended limestone cement compared to inter-ground limestone 
cements.   
 
4.3.2 Pore Size Distribution 
Nitrogen adsorption and desorption technique for porosity measurements was 
conducted on cement paste sample at 1 and 28 days of age and the surface area was 
calculated using the BET analysis method and the pore volume and pore width was 
calculated using the BJH method using the data from the desorption isotherm.  
 
Table 4.3. Results from specific surface area nitrogen adsorption-desorption experiments 
(28 day results) 
  
OPC T1 - 5% T2 - 5% T3 - 5% L3 - 5% 
BET surface area (m2/g) 18.45 22.00 24.35 24.48 23.55 
BJH desorption pore 
volume (cm3/g) 
0.081 0.097 0.105 0.099 0.096 
BJH desorption average 
pore width (nm) 




Table 4.3 lists the results from the nitrogen adsorption-desorption tests conducted 
after 28 days of curing filler-cement paste samples at 100% relative humidity. The BET 
surface area, BJH desorption pore volume and BJH desorption average pore width are 
listed for the ordinary portland cement paste and the lab-blended cement pastes with TiO2 
particles (T1, T2 and T3) and limestone particle L3.   
Compared to the ordinary portland cement paste mix, all the other mixes 
considered exhibited a higher surface area and pore volume. This could indicate the 
addition of the fine fillers encourages the formation of a higher surface area C-S-H. 
Similar increase in surface area was observed by Juenger and Jennings [147] when a  
chemical  accelerator (calcium chloride) was added to cement paste. The larger surface 
area of the inert filler could also be contributing to an increase in the surface area of the 
filler-cement paste mix. The surface area results from 1 day and 28 can be compared to 
further distinguish between the effect of the filler surface area and additional surface area 
due to hydration product formed in the presence of fine fillers.  
Figure 4.2 shows the relative surface area of the filler-cement mixes (at 1 and 28 
days) normalized with respect to the surface area of the plain cement mix at that age. 
Comparing Figure 4.2a and 4.2b, it can be observed that the 28 day relative surface area 
for each filler-cement mix is greater than the 1 day relative surface area. This increase in 
relative surface area demonstrates that the higher surface area of filler-cement samples at 
later ages (28 days results) is not only because of the presence of fine fillers, but also 
because of increased cement hydration due to the presence of the fine filler. Thus the 
increase in surface area of the filler-cement mixes at 28 days shows that the fine fillers 
encourage the formation of hydration product. 
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The higher surface area observed in the filler-cement mixes in Figure 4.2b could 
also be due to the possible differences in the morphology of hydration product formed in 
the presence of fine inert fillers. Thomas et. al. [158] observed that C-S-H formed at 
higher temperatures had a different atomic packing density and porosity compared to 
samples cured at lower temperature. Heterogeneous nucleation in the presence of fine 
inert fillers could be compared to high temperature curing of cement, where both 
nucleation and higher temperature results in accelerated hydration of cement mixtures. 
Thus, the acceleration of cement hydration in the presence of fine inert filler could result 
in microstructural changes and the formation of a hydration product with a different 
morphology with greater surface area compared to plain cement mixes.  
 
 
Figure 4.2. Relative specific surface areas of cement paste samples with 0%, 5% and 10% 
replacement of TiO2 and limestone filler at (a) 1 day and (b) 28 days of hydration. 
(Notice that the y-axis scale on both the graphs is maintained equal for easy comparison. 
The line connecting data points are drawn as guides to the eye) 
 
 
Results from Table 4.3 also shows that the presence of fine fillers increase the 
pore volume of cementitious materials. This should be examined more critically [159], as 
larger capillary pores (>50nm) can increase permeability and compromise durability [9]. 
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It should be considered, for example, if the increase in effective water/cement ratio (since 
water to solids ratio was kept constant in the mixes) could contribute to an increased pore 
volume. But if the results of the pore width are examined in Table 4.3, it can be observed 
that the average pore diameter of the filler-cement mixes is lower than the plain cement 
mix. Thus, even though there is an increase in the pore volume in the filler-cement mixes, 
there is a decrease in the average pore width. This shows that a greater number of smaller 
pores are being formed in the microstructure and thus pore refinement is possibly 
occurring in the filler-cement mixes. 
Figure 4.3 shows the relative pore diameter of filler-cement samples at 1 and 28 
days with respect to the plain cement paste sample at the same age. If the results from 1 
day and 28 day are analyzed, it can be observed that the pore diameter of the T3 sample 
is the lowest compared to all other samples. It was observed earlier that T3 causes 
greatest increase in hydration (Chapter 3 and [53]) among all the fillers tested in this 
research. In the 28 day results the decrease in pore diameter was also greater for higher 
percentage addition of fillers as well, indicating that greater dosage of fine inert filler 
results in greater reduction of average pore diameter. Thus, the higher degree of 
hydration, with formation of hydration products (e.g. C-S-H) with an intrinsic finer 
microstructure, could be resulting in the reduction of pore diameter of cementitious 
mixtures. 
Figure 4.3b shows that all filler-cement mixes had a pore diameter lower than the 
plain cement paste. It was earlier observed in Figure 4.3b that the surface area increases 
with addition of fillers. These two results combined demonstrate that the pore spaces are 
being filled with cement hydration product (e.g., C-S-H) resulting in an increase in the 
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surface area and a decrease in average pore width which results in pore refinement. The 
pore size refinement shows that in the fine filler-cement mixes, lesser number of large 
capillary pores (>50nm) are possibly formed and greater number of smaller pores 
(<50nm) are formed. Researchers have earlier shown that the number of capillary pores 
larger than 50nm inversely affects permeability [89]. Thus, the lesser number of pores of 
size greater than 50nm possibly being formed in the filler-cement mixes could result in 
improved permeability properties. 
 
 
Figure 4.3. BJH desorption average pore diameter of cement paste samples with 0%, 5% 
and 10% replacement of TiO2 and limestone filler at (a) 1 day and (b) 28 days of 
hydration (The line connecting data points are drawn as guides to the eye) 
 
 
4.3.3 Rapid Chloride Permeability Test  
The rapid chloride permeability test (RCPT) can be used to determine the relative 
permeability of concrete samples. The test was conducted according to ASTM C1202 
[148], where the charge that passes through concrete measures the chloride ion 
permeability and the result is used as an indirect measure of concrete permeability. 
Table 4.4 lists the results from the rapid chloride permeability test. All concrete 
mixes resulted in RCP test values greater than 4000C at 56 days indicating that the 
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chloride ion permeability for these mixes was high [148]. The high chloride ion 
permeability could be due to the higher water content (w/s = 0.50) in these mixes. But the 
results can be used for comparison between the filler-cement mixes with respect to the 
plain cement concrete mix. The results show that compared to the ordinary portland 
cement concrete mix, all the filler-cement mixes (except for L3 at 56 days) had a 
marginally higher amount of charge that passed through the concrete sample. This result 
shows that concrete mixtures made with limestone and titanium dioxide could have a 
marginally higher permeability. The concrete mixture with 5% replacement of cement 
with limestone L3 had RCPT results very similar to the ordinary portland cement mix. 
The 28 and 56 day results were within 2% of the result for ordinary portland cement. This 
shows that the use of fine limestone (with particle size 0.7µm) does not affect the RCPT 
result and possibly the permeability of concrete mixtures.  
 
Table 4.4. Rapid chloride permeability test results for TiO2 and limestone concrete mixes 
at 0% and 5% replacement rate 
  
28 day (C) 
Average of 28 
day results (C) 
56 day (C) 
Average of 56 
day results (C) 




5487 L2 5968 5743 




5984 T2 5963 6049 
T3 5898 6082 
 
There was no obvious trend for the RCP test result with respect to the particle size 
of the fillers that were used in this research. Thus the average of the limestone-cement 
mixtures and TiO2-cement mixtures was compared with the ordinary portland cement 
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mix to broadly understand the effect of the type (chemistry) of these fillers on concrete 
permeability. The calculation of average RCPT results for all TiO2-cement mixes and 
limestone-cement mixes was also justified because at later ages dilution effect would be 
dominant.  The average 28 and 56 day RCPT results for the TiO2-cement concrete mixes 
were greater than the ordinary portland cement mix by 6.2% and 12.5% respectively. 
Thus the replacement of cement with 5% TiO2 increased the chloride ion penetration by a 
greater degree compared to the limestone-cement mixtures. The increase in RCPT result 
could be because of the effective increase in the w/c since in this research the w/s was 
maintained constant at 0.50. The increase in RCP result shows that the permeability of 
concrete mixtures with TiO2 additives could be higher than ordinary portland cement 
mixes and warrants further investigation.  
The average 28 and 56 day results of the limestone-cement mixture were only 
marginally higher (6.2% and 3.1% respectively) compared to the ordinary portland 
cement mix. Thus it can be concluded that the replacement of cement with 5% limestone 
does not change the permeability of concrete mixtures significantly, a result similar to 
that obtained by previous researchers [49]. In the current research, the limestone particles 
were added to cement immediately before mixing with water. But inter-grinding of 
limestone with cement, as usually conducted in the industry for producing portland-
limestone cement (PLC), could result in an increase in cement fineness. In such inter-
ground limestone-cement mixtures, the permeability of PLC concrete could be similar to 
ordinary portland cement because of possible higher degree of hydration due to the 




4.3.4 Surface Resistivity Test 
The surface resistivity of filler-cement concrete samples prepared at 0% and 5% 
replacement of cement with filler and at w/s=0.50 was examined using a 4-point Wenner 
probe with 1.5” probe spacing.  
 
 
Figure 4.4. Surface resistivity of concrete samples with 0 and 5% titanium dioxide and 
limestone fillers 
 
Figure 4.4 shows the results of the surface resistivity tests till 56 days of age, 
conducted on concrete samples stored in a saturated lime water bath at 23±2°C . It can 
clearly be observed from Figure 4.4 that the ordinary portland cement sample had a 
higher surface resistivity value than all the filler-cement concrete samples. This result 
shows that the concrete sample would have greater potential resistance to chloride and 
other deleterious ion ingress and lower permeability compared to filler-cement mixtures.      
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Similar to the RCPT results, the L3 limestone-cement concrete mix modified the 
resistivity value marginally compared to all other fillers used in this research. The 28 and 
56 day surface resistivity measurement for the L3 mix was marginally lower than the 
control concrete mix by 4.5% and 7.1% respectively. This shows that the use of fine 
limestone (with particle size 0.7µm) does not change the resistivity of concrete 
significantly, even though there is a dilution of the cement content by 5% (or an effective 
increase in the w/c in the filler-cement concrete).  
The surface resistivity results for L1 and L2 was similar, but both were lower than 
the control mix by approximately 10-14% at 28 and 56 days of testing. Thus the use of 
coarser limestone particles (of sizes 3µm and 20µm in this research) resulted in a 
decrease of the resistivity below the 5% dilution effect. Replacement of cement with TiO2 
decreased the resistivity measurement significantly (for example 5% T2-cement mix 
reduced the resistivity by 20.2% at 56 days). The drastic reduction of resistivity or 
increase in conductivity in the TiO2-cement mixtures could be due to the semiconductor 
nature of TiO2. This warrants further investigation with different types of semiconductors 
and conductors to understand the impact of these materials on the surface resistivity test. 
Further tests would also help ascertain whether the surface resistivity test can be used as a 









The effect of nano and micro fillers of TiO2 and limestone on the long term 
properties of cementitious materials was examined in this chapter. The conclusions for 
this section of the research are summarized below. 
 Initial strength of filler-cement mixtures was greater than ordinary portland 
cement mix due to increased degree of hydration because of heterogeneous 
nucleation effect. When cement was replaced with fillers, dilution effect was 
dominant at later ages, and the strength of the ordinary portland cement mix was 
greater than the filler-cement mixtures. 
 Surface area and pore size distribution analysis conducted on cement mixtures 
with nano-TiO2 and fine limestone (L3) demonstrates that total surface area and 
pore volume increases when compared to ordinary portland cement mix. Pore size 
refinement was also evident by the decrease in the average pore width of the 
filler-cement mixtures tested. Pore size refinement shows a possible reduction in 
larger porosity (>50nm) as well as disconnected porosity, which can result in 
decreased permeability of filler-cement mixes.  
 The use of fine limestone (0.7µm in this research) did not significantly affect the 
RCP and surface resistivity of concrete. Thus the permeability of concrete made 
with limestone could be comparable to ordinary portland cement mixture. The use 
of TiO2 increased the RCPT result and reduced the surface resistivity. Thus 
concrete made with TiO2 could have higher chloride ion permeability compared 




The results from investigation of the long-term properties of cementitious 
mixtures with nano and microparticles of TiO2 and limestone demonstrate that fine fillers 
can modify the cementitious materials properties by refining pores within the 
microstructure. The use of fine limestone fillers results in pore refinement as well as 
concrete permeability comparable to control mixtures. Thus fine limestone can be used as 
a filler in cementitious mixtures to obtain long term properties comparable to plain 







CHAPTER 5  
PHOTOCATALYTIC PROPERTIES 
 
5.1 Introduction  
Anatase phase of TiO2 is photocatalytic and can be used for removal of organic 
and inorganic pollutants, photo-degradation of pathogenic organisms [94] and self-
cleaning and anti-fogging applications [34]. The photoreactivity of TiO2 is due to the 
formation of highly oxidizing electron pair holes and hydroxyl radicals which are 
indiscriminate oxidizing agents [96], with only fluorine exceeding the oxidizing potential 
of this radical. Research has demonstrated that ultraviolet (UV) illuminated TiO2 can be 
used for degradation of nitrogen oxides [160], volatile organic compounds (VOC’s) [96] 
and sulfur oxides in the air [18].     
Atmospheric nitrogen oxides or “NOX” (NO and NO2) are predominantly 
responsible for production of ozone in the troposphere and urban smog by reaction with 
hydrocarbons which are environmental irritants to humans [18, 100]. Moreover, NOX, 
together with SO2 and SO3, produce acid rain, which can be harmful for  vegetation (e.g., 
forests, crops) as well as aquatic life [97] and the built environment [98, 99]. Thus, 
decreases in NOX concentration has been a major focus area for environmental regulatory 
agencies across the world. In a recent proposal United States Environmental Protection 
Agency (US EPA) increased the standards for air quality and proposed a new one-hour 
NO2 standard at a level of 100 parts per billion (ppb) [161]. Similar air quality standards 
directives have been proposed in other parts of the world including Japan and Europe 
[162, 163]. The US EPA also proposes setting up new air monitoring systems in urban 
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areas near major roads where maximum concentrations are expected. Due to these 
potential new standards, new technologies will be required for the reduction of NOX in 
the atmosphere, especially in urban environments.  
There is much interest surrounding the introduction of photocatalytic properties to 
cement-based materials or other construction materials to address increasing standards on 
NOX levels in the air. The inclusion of TiO2 to construction materials could thus be used 
as a method to decrease pollutant NOX gases. The photocatalytic oxidation of NOX in a 













For cement or concrete, photocatalytic particles can be intermixed in the bulk 
material as additive [109] or used in surface coating [164]. Some research has shown 
effectiveness of such materials to address NOX levels, especially if the materials are used 
on or near major roads and in urban areas [39, 95], while other studies have demonstrated 
that all TiO2 surfaces might not be effective in photocatalysis in field applications [31, 
165]. Variability in lab and field studies on the capabilities of photocatalytic materials 
suggest a need for review of test methods related to this growing class of cement-based 
materials. 
The surface and near-surface structure and properties of cement-based materials 
can vary widely with mix proportions, age, finishing operations and curing techniques 
used during construction, as well as changes during service. Since photocatalysis is 
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predominantly a surface reaction which occurs in the presence of near-UV and UV 
radiation [18], the surface properties of the material are expected to affect the test results. 
In addition, changes in surface and near-surface properties due to hydration or 
environmental interactions have been shown to measurably affect the rate and efficiency 
of the photocatalytic reaction on cement-based materials [30, 31, 102].Thus, the surface 
properties of the material being tested should be considered when characterizing the 
photocatalytic properties of cement-based or other construction materials, so that 
comparisons can be conducted between inter-laboratory tests and to ensure 
reproducibility between different tests.  
For example, as discussed in greater detail in a subsequent section, the existing 
standard test methods [103-105] have to be modified for assessment of photocatalytic 
efficiency in cementitious materials to consider the distributed pore structure and varying 
surface characteristics which could affect the photocatalytic properties, as well as 
intrinsic adsorption of NOX [166]. Since the cost of TiO2 is much higher than ordinary 
portland cement, construction materials typically have low concentrations of TiO2 which 
could result in a lower photocatalytic efficiency compared to ceramics or coatings. 
Hence, any proposed procedures for testing these should also allow for discrimination 
among materials with relatively low photocatalyst addition rates. Specifically, it is 
proposed that lower gas concentrations, slower flow rates, longer residence times, and 
longer test durations are needed to produce data with the fidelity necessary to better 
discern among myriad potential variations in cementitious materials.     
Thus, due to this need for an appropriate standard procedure for characterizing the 
photocatalytic efficiency of cementitious materials used for reducing NOX, the main 
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objective of this section of the research is to propose and evaluate a test method that can 
be used by researchers as well as field engineers for testing and quantifying 
photocatalytic activity of cement-based materials. Stemming from this, a new 
photocatalytic efficiency factor is defined which could be used to characterize and 
quantify the photocatalytic activity of any photoactive surface. As demonstration, the 
proposed experimental procedure was used to evaluate various commercially available 
TiO2 powders incorporated at different replacement rates in cement paste and the 
photocatalytic efficiency for these mixtures was measured and compared. 
 
Table 5.1. Comparison of testing, sample and analysis parameters of various tests for 
testing NOX conversion performance of photocatalytic materials 
   ISO   
22197-1 
JIS  R 
1701-1 
UNI 11247 Proposed test 
Testing 
parameters 





400ppb NO + 
150ppb NO2 
500ppb 
Gas flow rate 
(l/min) 
3 3 3 1 
Test duration 
(hour) 






10 10 20 10 







49.25 49.25 65 Variable 
Sample 
curing – – – 
14 days lime 
water curing 
Surface 
preparation – – – 
Grinding and 
polishing 
















As discussed earlier, several organizations describe standard test procedures for 
examination of the air purification capabilities of fine ceramics and other inorganic 
materials  [103-105]. These test methods have begun to be used for the examination of 
cement-based materials, as well. Table 5.1 lists key features of the existing tests for 
photocatalytic NOX conversion as well as the proposed procedure. The rationale and 
details of the proposed variations in test parameters for assessment of photocatalytic 
cement-based materials are given in the subsequent sections of this chapter.  
 
5.2 Methodology 
The test method that is proposed here is applicable for testing the photocatalytic 
properties of any cement-based materials which could be in the form of a mixture of a 
photocatalytic material (for example TiO2) and cement or a photocatalytic material 
applied as a top coat to cement-based construction materials.  The test method and PEF 
are demonstrated by comparing performance of cement-based materials containing 
varying types and amounts of commercially available photocatalytic TiO2 particles and 
also by comparison with a photocatalytic ceramic tile.  
 
5.2.1 Materials 
Cement paste samples were prepared using a commercially available Type I 
cement (Lafarge in Atlanta, Georgia, USA) with a Bogue potential composition of 
51.30% C3S, 19.73% C2S, 8.01% C3A and 9.41% C4AF and 0.40% Na2Oeq and 
commercially available photocatalytic TiO2 powders. Properties of the photocatalytic 
TiO2 examined are shown in Table 5.2. The anatase form of TiO2 generally demonstrates 
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a greater potential for photocatalytic activity compared to rutile [92], but there are a few 
studies which report that a mixture of anatase (70-75%) and rutile (30-25%) is more 
active than pure anatase [167]. TiO2 was used in the cement paste mixes as obtained from 
the manufacturers. Deionized water was used for preparing all the paste samples and no 
other admixtures were used in the mixes. 
 














T1 Cristal 20-30 1.5 45-55 >97 100% Anatase 
T2 Cristal 15-25 1.2 75-95 >95 100% Anatase 
T3 Evonik 21 0.58 50±15 99.5 
80% Anatase 
20% Rutile 
T4 Tayca 30 1.5 52 95-99 100% Anatase 




5.2.2 Specimen Preparation 
Samples with TiO2 were prepared at a water-to-solids ratio of 0.50. TiO2 was used 
at 5, 10 or 15% of the mass of cement to the mixes for testing photocatalytic activity. 
Each TiO2 powder was initially dispersed in deionized water and mixed thoroughly for 
one minute using a handheld mixer. No special technique or chemicals were used for 
dispersing the TiO2 particles to replicate conditions as close as possible to field 
application. Cement was then added and mixing continued for another 3 minutes.  
The pastes were cast in molds to form 5mm thick samples with 50mm x 100mm 
dimensions and were initially cured at 100% relative humidity at 23±2°C. After 2 days of 
curing the samples were demolded and immersed in a saturated calcium hydroxide 
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solution 23±2°C and cured until reaching 14 days of age. In addition to the samples that 
were prepared using the procedure given above, a set of commercially available TiO2 
coated ceramic samples (denoted “TC”) was also tested for comparison.  
It should be noted that other convenient dimensions could be used for the 
samples, but the thickness should be maintained as 5mm to avoid photocatalytic reaction 
occurring on the sides of the sample during NOX tests. If samples of other area 
dimensions are used, the photocatalytic activity should be normalized per unit exposed 
area. The area of the sample is considered in a photocatalytic efficiency factor, which is 
defined later in the chapter.  
Sample surface characteristics are very important for the surface-initiated 
photocatalytic reaction. For example, as the surface roughness (roughness number) 
increases, more effective surface area would be exposed to the gases and UV light. Thus 
it is paramount to maintain a constant roughness of surfaces in the test samples between 
various mixes. Hence after 14 days of curing, one flat surface of the samples was 
polished to obtain uniform surface roughness between different samples and mixes. This 
procedure also has the effect of minimizing any variations in finishing operations. Once 
removed from the curing solution the samples were immediately ground/polished using 
grinding papers #400, #600 and #1000 and finally using a suspension of a grit size 
5µm.The polished samples were cleaned with deionized water to remove any residual 
material from the polishing step and then dried in an oven at 40°C for 2 days, until the 
mass change was less than 0.5%. This was done to minimize variation in moisture 
content among the samples. The dry samples were stored under sealed conditions, to 
avoid carbonation, and away from any light source until further testing.  
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5.2.3 NOX Exposure Chamber 
The test setup including the reaction flow cell and chemiluminescent NOX 
analyzer for studying the photocatalytic activity and measuring the photocatalytic 
efficiency of cement-based materials is shown in Figure 5.1.  
 
Figure 5.1. Experimental setup for testing photocatalytic activity of cement  
 
 
A flow cell was specially designed and built for the NOX exposure tests. The flow 
cell was designed as a 100cm long, 8cm wide and 5cm high chamber and the top surface 
was made with UV transparent poly-methyl methacrylate (PMMA) plate. The samples 
were placed inside the exposure chamber such that there was a gap of 5mm between the 
top surface of the samples and the bottom surface of the PMMA plate. The gas was 
allowed to pass only through this 5mm gap to ensure interaction between the gas and the 
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sample. The ends of the flow cell were sealed to ensure that there is no gas loss due to 
leakages. The absence of leaks was ensured by connecting digital flow meters at the 
entrance and exit of the flow cell before the experiments. The various components of the 
test setup were connected using 6.35 mm (¼”) PTFE tubing and corresponding fittings 
(UltraTorr). Two 1219 mm (48 in.) 40-W UV fluorescent lamps (GE) with peak emission 
at 368nm were used to produce the UV light.  The power of the UV light inside the flow 
cell at the plane of the samples was maintained at 10W m
-2
, as measured using a digital 
UV meter (UVX Radiometer, UVP) attached with a 365nm sensor. 
 
5.2.4 Concentration and Flow Rate of NOX  
NO gas was used as the pollutant gas for tests conducted as a part of this research. 
It should be noted that either NO or NO2 gas can be used for the same test parameters in 
these tests [166]. A similar test procedure could be used for testing the photocatalytic 
activity of other pollutant gases such as VOCs. But the test parameters such as gas 
concentration and flow rate would have to be changed and optimized based on expected 
air pollution concentrations and expected outdoor residence time respectively.  
The value of 1000ppb NOx concentration suggested in the ISO 22197-1 standard 
could be too high for realistic assessments of field performance of cement-based 
materials. First, the current annual average NO2 level according to US EPA is only 53ppb 
and NOX concentrations, particularly near urban roadways, can have values in hundreds 
of ppb’s depending on atmospheric conditions [161].  Also, when considering cement-
based materials specifically, the photocatalyst dosage rate is in this class of materials is, 
due to economy and constraints on plastic behavior, typically smaller than used in 
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ceramics and coatings on impervious materials. Further, even when twice the 
recommended value of sample surface area was used, it was found that 1000ppb gas 
concentration was not necessary for assessing cement-based materials nor discriminating 
among different material compositions. Also, for improving the precision of 
measurements made by the NOX analyzer, the gas concentration range to be measured by 
the analyzer should be maintained at a minimum value.  
On the other hand, the input gas concentration should not be too low since if all 
the NOX is absorbed by a certain material, then differentiation of such a material surface 
and other surfaces with greater or lesser photocatalytic efficiency would not be possible.  
For optimizing input gas concentrations, test samples were cast and tested at 15% cement 
replacement by mass with various photocatalytic TiO2 particles. Based upon these tests, 
the optimum input gas concentration was found to be 500 ppb.  
A flow rate of 1 l/min for the gas mixture was selected for the tests to decrease the 
velocity of the gases passing over the samples and thus to increase the residence time 
(240 sec in these tests) of the gas in the exposure chamber. The higher flow rate that is 
specified in the ISO standard results in a lower residence time of the gas over the samples 
and greater percentage of the gas not interacting with the samples and merely flowing in 
the region above the interaction volume of the samples. The decreased flow rate allows 
sufficient time for interaction and reaction of gases on the TiO2-cement surface.  
For the experiments conducted in this research, NO gas at 100ppm (balance 
Nitrogen) concentration was mixed with ultrapure zero air at a ratio of 1:200 to obtain the 
desired concentration of 500ppb directly upstream of the samples. The gas flows were 
regulated using digital mass flow controllers (Tylan). The resultant mixture of NO and 
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zero air was passed through a humidifying chamber containing deionized water, which 
increased the relative humidity of the gas mixture. The relative humidity of the gas was 
maintained at 50% and was regularly checked using a digital humidity meter. The gas 
entering the flow cell first passed through a flow straightener which ensured a laminar 
flow over the samples. Following ISO 22197-1-2007, the gap between the samples and 
the bottom surface of the PMMA plate was maintained at 5mm using a height adjusting 
plate facilitate contact with the samples.  
For each set of experiments, the samples were placed in the flow cell and the gas 
was allowed to stabilize for at least 30 minutes before the samples were exposed to UV 
light. The UV light was turned on at least 30 minutes before exposure of samples to UV 
light, to allow enough time for the lamp to warm up. During this time period the samples 
and exposure chamber were not exposed to the UV light. The photocatalytic activity of 
the cement samples was studied by measuring the variation of NO, NO2 and NOX 
concentrations over a period of 5 hours when the samples were exposed to UV light, 
similar to the ISO and JIS standard. The duration of the test was extended beyond the 1-
hour duration specified in the UNI tests because, as reported in the Results section, the 
NOX gases could take longer than one hour to stabilize after the test is started.  
The concentration of NO, NO2 and NOX gas were measured at the outlet of the 
flow cell using a chemiluminescent NO/NO2/NOX analyzer (Teledyne Instruments), with 
an accuracy of 5ppb. At the end of 5 hours the UV light was turned off, and the 





5.2.5 Characterization of Photocatalytic Efficiency 
During the photocatalytic reaction of NO at the surface of samples, NO2 gas can 
be produced as a by-product as shown in Equation 5.1. Since the total decrease of NO 
and NO2 due to photocatalysis on the sample surface is of interest, the variation of the 
NOX, rather than the variation of NO, was analyzed in determining the photocatalytic 
activity of TiO2-cement samples.  
Various experimentally measured or derived parameters can be used to 
characterize the activity of photocatalytic materials. For example, the initial decrease in 
the concentration of NOX or the maximum difference between inlet and outlet 
concentration can be used as a measure of photocatalytic activity. While these values a 
measure of NOx binding at particular instants during the test, each measure does not 
represent the overall behavior of the photocatalytic surface over the entire test duration.  
The ISO 22197-1-2007 and JIS R 1701-1 standards describes a measure of the 
total amount of NOX adsorbed by the test piece, ηads and Qads respectively in μmol, for 











where f = air-flow rate converted to that at the standard state (0 °C,101,3 kPa, and dry 
gas basis) (l/min), [NOx]in = supply volume concentration of NOX before UV light is 
turned on (μl/l or ppm), [NOx]out = outlet concentration of NOX after UV light is turned 
on (μl/l or ppm) where the integration is conducted over time period 0 to T, expressed in 
minutes. The term that is integrated denotes the total NOX gas that is absorbed (in ppm) 
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during the entire duration of the test. The factor 22.4 is used to convert from volume units 
to molar units, using the ideal gas law which states that one mole of an ideal gas at 
standard temperature and pressure occupies 22.4 liters. 
However, the approach in equation 5.3 for representing the photocatalytic 
effectiveness of surfaces fails to take into consideration the decrease in concentration of 
NOX will be directly related to the exposed area of the test material. The presumption 
with each of the three standard tests is that the sample surfaces are flat and impervious, 
which may be reasonable for fired ceramics, but not necessarily for cement-based 
materials.  In addition, for cement-based materials, the photocatalytic efficiency has also 
been shown also to decrease with extended exposure to pollutant gases and with 
increasing age and even carbonation of cement surface [109], among other potential 
factors considered previously in this chapter. For cement-based materials, the method of 
curing and age at testing should be specified and treatment of the sample surfaces should 
be prescribed; here it is proposed that samples be cured in a saturated calcium hydroxide 
solution for 14 days and ground/polished using grinding papers #400, #600 and #1000 
followed by polishing using an abrasive of grit size 5µm.  
Thus, to incorporate the exposure area of the samples when characterizing 
photocatalytic surfaces and to include a normalizing factor for time of irradiation, a new 
photocatalytic efficiency parameter is proposed which facilitates comparison among 























, [NOx]ave = 
instantaneous concentration of the gas above the samples which could be considered as 
the average of the input and output gas concentration at any particular time during the 
test, A = sample surface area (m
2
) and the other variables are the same as defined for 
equation 5.3. By normalizing the efficiency factor per unit area of the exposed 
photocatalytically active surface, researchers can use (if required) samples of different 
dimensions and/or different number of samples but still compare the results across tests 
that used different area of exposure. The input concentration at which the test is 
conducted should also be specified in the results, as the decrease in the pollutant level 
does not vary directly with increasing input gas concentration, as will be shown in the 
Results section. 
 
For samples which are not plane or smooth, the roughness of the surface can also 
be incorporated into the equation. Because as the roughness increases, surface reactions 
would be expected to increase since more area is exposed to the NOX and UV light. The 










where Ai = area of a triangulated surface and Api = nominal area of the surface under 
consideration.   
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The roughness number of a surface can be determined through quantitative 
imaging of the surface, such as through confocal microscopy [168].  The effect of the 
surface roughness on photocatalytic activity can be considered by measuring the RN 
value for the surface being analyzed and incorporating the value into the calculations of 
photocatalytic activity. If a direct correlation between the surface area of the sample and 
the photocatalytic activity is assumed, the equation for PEF can be normalized by RN to 















Further research is required to accurately obtain the relationship between the 
roughness properties and photocatalytic surface reactivity. In the current research, the 
roughness number was not considered because similar surface roughness was achieved 
for all the samples by sample surface polishing that was performed before the NOX 
exposure tests, as previously described. 
 
 
5.3 Results and Discussion 
The proposed method was examined, both as a proof-of-concept by comparing 
among behavior of various sample compositions but also to validate the exposure 





5.3.1 Photocatalytic Activity of TiO2-Cement Paste Samples 
Figure 5.2 shows the NO, NO2 and total NOX concentrations measured using the 
chemiluminescent analyzer when the control cement paste samples without any TiO2 was 
tested using the proposed procedure; this was done to verify the air tightness of the 
chamber and the nonreactivity of the materials composing the chamber and samples. It 
can be observed that there was no meaningful change in the concentration of NO and 
NOX nor was there any increase in the NO2 when the ordinary (i.e. non-photocatalytic) 
samples are exposed to UV light, as expected. Minor fluctuations observed in the 
concentrations can be attributed to variations in the pressure and temperature due to the 
building ventilation system and because of the use of a mass flow controller to regulate 
concentration of gases. The mass flow controller assumes an ideal pressure and 
temperature and since there could be variations in these in the testing environment, the 
concentrations of the gases were observed to fluctuate marginally. This result 
demonstrates that neither the neat cement paste samples nor the reaction cell walls or 
PTFE tubes act as photocatalytic material during these tests. Thus any photocatalytic 
activity that is measured in other TiO2-cement paste samples would solely be a result of 





Figure 5.2. Variation of NO, NOX and NO2 gas during the test for photocatalytic 
properties of control cement samples 
 
 
As further proof-of-concept, testing was performed on a variety of TiO2-
containing samples using the same chamber and exposures. As an example of these 
results, Figure 5.3a and 5.3b shows a typical pattern of variation of NO, NO2 and NOX -
gas for cement-TiO2 (T1) cement samples at 5% replacement rates and TiO2 coated 
commercial ceramic tile, respectively. Note that when the UV light is turned on, as 
shown in Figure 5.3, photocatalysis is expected to initiate. For these tests the pollutant 
gas used was NO and hence the initial concentration of NO2 can be observed to 
negligible. (The tests could also be conducted with NO2 gas as the pollutant gas, which is 
not described in the ISO standard test but has been examined by this group and presented 
elsewhere [166, 169].) For the 5% T1 sample, during the first 30 minutes of the test when 
the samples were not exposed to UV light, the gas concentrations remained constant at a 
129 
 
value of ~450ppb for NO and NOX and ~0ppb for NO2. As soon as the samples were 
exposed to UV light, the concentration of the NO and NOX gas decreased to ~380ppb and 
~395ppb and NO2 increased to ~15ppb, which corresponds to a 12.2% decrease in NOX 
concentration. The NO2 concentration increases because of the conversion of NO to NO2 
because of the photocatalytic reaction (see Equation 5.1). Comparing Figures 5.2 and 5.3, 
it can be concluded that the addition of TiO2 to cement imparts photocatalytic properties 
to cement-based materials, as has been well-demonstrated in the literature [31, 34].  
The change in concentration of the gases for the other sample compositions tested 
followed similar trends, and for this reason are not presented here but can be found in 
[170]. In general, the extent of decrease in NO and NOX and increase in NO2 
concentration varying with dosage and type of TiO2 used. That is, greater decreases were 
observed with greater TiO2 addition rates and with more dispersible TiO2 particles, as 
previously reported [31, 166]. 
 
   
Figure 5.3. Variation of NO, NOX and NO2 gas during the test for photocatalytic 
properties of a)TiO2- cement samples (5% T1 type TiO2)  and b) TiO2 coated commercial 
ceramic tile (TC) 
 
 
From Figure 5.3a it can also be observed that during the 5 hours of UV exposure 
the concentration of NO and NOX decreased continuously, which suggests ongoing 
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oxidization of the gas via surface photocatalysis. The final concentration of the gases at 5 
hours of exposure was ~305ppb, ~340ppb and ~35ppb for NO, NOX and NO2 
respectively, which corresponds to a 24.4% decrease in the NOX concentration. 
Moreover, there is a gradual increase in the NOX conversion in the case of 5% T1 sample. 
The percentage (or absolute) reduction of the NOX concentration at the end of the 5 hour 
testing period approximately doubled compared to the decrease in concentration at 
beginning of the test. And, the absolute reduction in NOX concentration, when compared 
to the initial concentration was 70ppb at 1 hour compared to 106ppb at 5 hours. From 
Figure 5.3b it can be observed that there is a gradual decrease in NOX conversion for the 
TiO2-coated ceramic tile. The absolute reduction in NOX concentration, when compared 
to the initial concentration was 70ppb at 1 hour compared to 34ppb at 5 hours. Thus it can 
be observed that it takes more than 1 hour for the NOX conversion to stabilize, based on 
the tile used. Thus, it appears the 5 hour test duration is more appropriate for testing 
photocatalytic samples compared to the 1 hour test duration as specified by the UNI test 
[105]. 
  The continuous decrease of the NOX and NO gas concentration in the case of 5% 
T1 sample during the five hour test (Figure 5.3a) demonstrates that the surface has not yet 
saturated with the reaction products and that removal of gases by photocatalytic activity 
may continue in the presence of UV light. With continued exposure, the rate of the 
photocatalysis could decrease, and saturation would eventually occur. In that case, the 
photocatalytic activity of samples can be regenerated by simple washing with water in the 




Thus, descriptive parameters of photoactivity should consider time of exposure. 
Hence, a parameter which is normalized with the total testing duration should be used to 
compare among various photocatalytic materials. This further justifies the use of the 
Photocatalytic Efficiency Factor (PEF) which normalizes the photocatalytic activity of 
the TiO2-cement surface with respect to the test duration.  
 
5.3.2 Effect of Variation of Input Gas Concentration on Photocatalytic 
Activity 
To better understand the influence of input gas concentration, the photocatalytic 
activity of various cement samples were tested at input test gas concentrations of 100, 
200, 500, 1000 and 1400ppb while keeping all the other test parameters the same, as 
stated earlier. The variation of the decrease in concentration of gas with change in input 
gas concentration for T1 added to cement at 15% replacement rate is shown in Figure 5.4. 
Figure 5.4 shows that as the input gas concentration is increased, the NOX binding 
capability also increases. This behavior is expected since at a higher input gas 
concentration, more pollutant gas interacts with the TiO2 surface, resulting in increased 
photocatalytic NOX binding, particularly for relatively short exposure durations. The 
increase in NOX binding will continue until a saturation limit is reached [18].  
But, it can be seen that there is not a linear relationship between the various input 
concentrations and the change in concentration of pollutant gas. With increasing input 
gas concentration, the NOX binding capability (conversion efficiency) was observed to 
decrease, as demonstrated by the decrease in slope of the graphs in Figure 5.4. Thus, 
whenever the photocatalytic activity of a material is specified the input gas concentration 
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should also be specified, since the relative decrease in pollutant gas concentration 
depends on input gas concentration.   
 
 
Figure 5.4. Variation of change in concentration with input gas concentration for T1 at 
15% replacement rate 
 
In the proposed test method, an input gas concentration of 500ppb was selected, 
based upon behavior observed in Figure 5.4 and also due to other experimental 
constraints. For example, at higher input gas concentrations, the accuracy of the 
measurements is decreased due to limitations on the resolution of the chemiluminescent 
NOX analyzer used as the detection equipment. Also, at higher gas concentrations, as 
noted previously, the relationship defined in Figure 5.4 becomes non-linear even for 












































validating that the recently proposed UNI method also uses a similar input gas 
concentration of 550ppb, lower than the 1000ppb in the ISO and JIS methods.  
 
5.3.3 Photocatalytic Efficiency Factor (PEF) for TiO2-Cement Mixes 
Figure 5.5 shows the variation of the NOX concentration of samples made T1 used 
at 5, 10 and 15% replacement rates by mass of cement. It can be seen that as the dosage 
of TiO2 is increased in the samples, the photocatalytic conversion of NOX increases, with 
the 15% mix showing the greatest decrease in the NOX concentration, as expected.   
 
Figure 5.5. Variation of NOX during the test for photocatalytic properties of TiO2- 
cement samples with 5, 10 and 15% dosage rates of T1 
 
 
To demonstrate how the proposed test and PEF can be used to compare among 
photocatalytic materials, the PEF values for these materials were calculated and are 
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 respectively. Thus, it can be concluded that the photocatalytic 
activity of the TiO2-cement paste mixes increases with increases dosages of TiO2 powder 
addition, within the range of dosages examined. It also appears that there are 




Figure 5.6. PEF for cement-TiO2 samples made with 5, 10 and 15% percentage 
replacement by T1  
 
To further demonstrate how PEF can be used to compare among different 
materials, Figure 5.7 shows the variation of PEF for the various commercially available 
TiO2 particles with cement paste at 5% by mass TiO2 as well as TiO2 coated commercial 
ceramic tiles (TC). The photocatalytic activity and, hence, the PEF for the control mix is 
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almost negligible, as expected. That a non-zero value was measured for the control mix 
could be an artifact of the minor fluctuations in the NOX concentration observed during 
the test, NOX binding to the hydrated cement or flow into the pore structure of the 
sample. Compared to the control sample the PEF of the TiO2-cement mixtures were 
significantly higher. A wide range of photocatalytic activity was observed for the 









 for T3. Thus T3 - a mixture of 80% anatase and 20% rutile TiO2 
- was observed to be the most photocatalytically active among all the different TiO2 
samples that were tested. Similar observations were made by other researchers studying 
the photocatalytic activity of various commercially available TiO2 powders [171]. The 






No direct correlation is evident in these data between the mean particle or crystal 
size or surface area (obtained from the manufacturer) of the TiO2 used in the mixes and 
the photocatalytic efficiency of the TiO2-cement samples tested in the research. Though 
T2 had the highest surface area as a powder (75-95 m
2
/g) it was observed that the PEF for 
the cement mix made with T2 was lower than the PEF for various other mixes. T5 had 
the lowest surface area as a powder but the PEF for T5 was much higher than several 
other mixes. Another interesting observation is that the surface areas of T1, T3 and T4 
were similar but photocatalytic efficiency obtained for cement mixes produced with T4 
had the lowest PEF among all the TiO2-cement mixes and T1 and T3 were on the other 
end of the spectrum with highest PEF values. This could be because of dispersibility of 
the TiO2 in the cement mix as TiO2 agglomerates were observed in some of the mixes in 
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the current research. Further research is required to study the effect of dispersion of TiO2 
and also the effect of TiO2 particle size on the photocatalytic efficiency of TiO2-cement 
mixes. 
 
Figure 5.7. Photocatalytic efficiency factor of various TiO2-cement mixes at 5% 




The applicability of current standard tests for photocatalytic activity of ceramics 
was examined for the assessment of cement-based materials and was found to have 
shortcomings in terms of not considering the composition of photocatalytic cementitious 
materials, their anticipated rate and variation in photocatalytic behavior, nor the surface 
characteristics of the material. Modifications for sample preparation techniques, test 
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parameters (i.e., input gas concentration, test duration, flow rate) and normalized 
measurement variables were suggested to make such tests appropriate for cement-based 
materials.  The proposed changes are tabulated and the rationale for selection of testing 
parameters, based upon experimental evaluation is provided. A new photocatalytic 
efficiency factor (PEF), which addresses potential variations in test sample surface area 
and roughness and variations in test duration, was defined which could be used to obtain 
the photocatalytic activity of any cement-based material surface or construction material. 
The addition of TiO2 to cement introduced photocatalytic properties to the cement 
surface as observed in the experiments conducted in this research. The photocatalytic 
efficiency was found to be proportional to the addition rate of TiO2 to the cement, with 
higher dosages decreasing the concentration of NOX gases at a higher rate and hence 
increasing the photocatalytic efficiency. The PEF values for cement paste samples made 





 respectively when the input test gas concentration was 500ppb. The 
input gas concentration and the change in gas concentration due to photocatalytic reaction 
were observed to be non-linear and thus it is proposed that the input gas concentration 
should be specified in any test which reports the photocatalytic activity of a material. 
The photocatalytic activity of five different commercially available TiO2 mixed 
with cement at 5% replacement rate was compared using the proposed photocatalytic 









 for T3 when tested at 500ppb 
input gas concentration. T3 was observed to be the most photocatalytically active among 
all the commercially available TiO2 samples that were tested in this research.  
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The PEF parameter defined can be used for comparisons of different mixes and 
between inter-laboratory specimens, even when cement paste or mortar samples of 
different surface areas or roughness are used. This developed procedure and test 
parameters could also be used to test photocatalytic activity of TiO2-cement mixes or 
other construction materials in the presence of other pollutants such as toluene, 








CHAPTER 6  
SUSTAINABILITY OF CEMENT MIXTURES WITH TITANIUM 




The construction industry, like other science and engineering fields, is examining 
developments in nanotechnology to identify potential applications. In particular, the use 
of nanoparticles in construction materials is of increasing interest. The use of 
nanoparticles can not only modify properties of cement-based materials by potentially 
enhancing strength [172-174] and durability [175, 176] but also by introducing new 
functionality, including photocatalytic (self-cleaning, pollution reduction and anti-
microbial ability) [109], anti-fogging [34] and self-sensing capabilities [177].  
While the use of nanoparticles could increase in the construction industry [12], 
such materials, especially when engineered and manufactured, can be energy-intensive to 
produce and thus direct economic costs and environmental impacts could be high [125]. 
With an increasing emphasis on sustainable development in many sectors including the 
construction industry [115], it is important to understand the costs and benefits associated 
with the use of nanomaterials when compared to relatively less energy-intensive 
microparticles.  However, while the potential improvements in performance and 
functionality of nanoparticle modified cementitious composites have been increasingly 
examined, relatively little effort has been put toward understanding the potential 
implications of these technologies on sustainability.  
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Particles considered in this research include fillers which are largely non-reactive 
in the presence of portland cement (TiO2 and limestone powder); as a result, the effect of 
particle size and dosage of the filler can be isolated. TiO2 production is a highly energy 
intensive process in both the sulfate process and chloride process of extraction [18]. 
Limestone production, contrarily, is a relatively less energy intensive process, even when 
compared to cement clinker production [49]. The effect of these two fillers of such varied 
energy intensity of production on the sustainability of cementitious mixtures needs 
further analysis. Moreover recent research studies have shown that nanoparticles could be 
released into the environment during the life cycle of a structure and could results in 
adverse biological and toxicological effects [125, 178, 179]. The life cycle costs due to 
unforeseen environmental and human health impacts of nanomaterials have not yet been 
fully quantified [178] and hence are not included in this research.  
An analyses of the potential environmental impact of cementitious materials with 
TiO2 and limestone replacement is conducted through a life cycle analysis (LCA) [115]. 
Although the NOX binding ability of photocatalytic TiO2 is a potential environmental 
benefit [95], a comprehensive investigation that includes all factors including total 
embodied energy, emissions including CO2 and NOX among other factors associated with 
the production of both of these particles, is required to evaluate the impact (especially on 







6.2 Methodology Used in Life Cycle Analysis  
 
6.2.1 Scope and Functional Unit of LCA 
LCA is a technique that incorporates environmental impact and considers all 
energy and emissions of the various stages of a product or process from raw material 
production stage through end of life disposal or recycling (cradle-to-grave approach) 
[121]. In the current research, SimaPro LCA analysis software was used along with 
BEES (developed by NIST) [123, 180] and EcoIndicator 99(E) for impact assessment, 
with a primary goal of providing data for comparing the relative impacts of TiO2 and 
limestone particle additions. It should be noted that processing techniques and hence 
environmental impacts of materials vary with each individual product and manufacturer. 
But LCA analysis is typically conducted utilizing databases compiled with data from 
several material manufacturers. Thus LCA analysis can provides an overall impact, 
especially suitable for a comparison – rather than an absolute measure - of the 
environmental impact of different classes of materials. 
In the current research, a process-based LCA was conducted, where all the inputs 
and outputs including materials and disposals are analyzed by using a process flow 
analysis. The other alternative, which uses economic input-output (EIO) data, is an EIO-
LCA. The EIO-LCA uses national averages of industry data [115] and hence is not 
applicable for LCA of specific products as required in this research. Thus the process- 
based LCA was conducted in this research using SimaPro LCA software. 
A functional unit of 1000kg of the cementitious mixture was used for all of the 
analysis. A generalized processing of TiO2 and limestone based on data obtained from the 
respective manufacturers were considered for the material manufacturing in this research. 
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TiO2 manufactured using the sulfate process, milled loose limestone, ordinary portland 
cement and tap water were the other inputs for the LCA analysis.  The mixes with a w/s 
of 0.50 and addition rate of 5% of TiO2 and limestone were considered for the LCA 
analysis and compared with the ordinary portland cement paste.  
 
Table 6.1. Environmental impact factors considered in the BEES model 
Environmental Impact Factor Reference substance/unit 
Acidification Hydrogen ion 
Criteria air pollutants Disability-adjusted life year (DALY) 
Ecotoxicity 2,4-dichlorophenoxy-acetic acid 
Eutrophication Nitrogen 
Fossil fuel depletion Joules surplus 
Global warming Carbon dioxide 
Habitat alteration Threatened & Endangered (T&E) species count 
Human health (cancer) Benzene 
Human health (noncancer) Toluene 
Indoor air quality Total Volatile Organic Compound (TVOC) 
Ozone depletion CFC-11 
Smog Nitrogen Oxide 















Table 6.2. Environmental impact factors considered in the EcoIndicator 99(E) model 
Environmental Impact Factor Reference substance/unit 
Carcinogens Disability-adjusted life year (DALY) 
Respiratory organics DALY
 
Respiratory inorganics DALY 
Climate change DALY 
Radiation DALY 
Ozone layer DALY 
Ecotoxicity 
Potentially Disappeared Fraction 
(PDF*m
2







Minerals MJ surplus 
Fossil fuels MJ surplus 
 
 
6.2.2 Stages of Life Cycle Analysis 
Mix design data for the different materials were input into the SimaPro LCA 
software, which conducted the life cycle impact analysis that includes classification, 
characterization, normalization and weighting steps. The analysis conducted in this 
research considered only the materials production, including raw material acquisition and 
processing of the components used in the cementitious mixes and was thus a “cradle-to-
gate” approach. The LCA considers the energy and emissions due to the manufacturing 
and production of cement, titanium dioxide, water, limestone. The LCA does not consider 
the energy and emissions due to production of the equipment used for the production of 
fuels, cement, TiO2 or limestone. The toxicological impact on nanoparticles is a research 
area under investigation [124], and hence was not included in this research, but could be 
included when the data are available. The performance of the cementitious mixture 
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during use in a structure (including durability, strength and thermal properties) was not 
considered in the LCA analysis. The system boundary for the LCA analysis was fixed at 
second order, which includes the material and energy flows including operations for all 
the products.  
The Life Cycle Inventory (LCI) analysis accounts for all individual material, 
energy and emissions inventory and flows to and from the product under consideration. 
The inventory data and environmental impact due to the various materials in this research 
were obtained by utilizing databases embedded in LCA software suite used in this 
research, SimaPro. In the classification step of LCA, BEES and EcoIndicator 99(E) 
assessment methods categorized the impact of the materials into the categories given in 
the tables below (Table 6.1 and Table 6.2).  
 
The cumulative impact of all the inventory items on each impact category was 
calculated based on the potential effect (damage) of each inventory item on that impact 
category. For example, the global warming potential of all the components would 
generate a single index in grams of carbon dioxide produced per functional unit of a 
product. The global warming index is calculated based on the following equation: 
 
Global warming potential = Σ(mi · Pi) (6.1) 
 
 
where mi = mass of harmful emissions i produced per functional unit and Pi = conversion 
factor from one gram of harmful emission i to its equivalent of carbon dioxide. Thus each 
emission is converted to the common unit according to the Pi conversion factor.  The 
conversion factors for each functional unit are provided by the BEES or EcoIndicator 
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99(E) model based on research conducted by the U.S. EPA and PRé Consultants. A 
similar approach is used for each environmental impact category listed in Table 6.1 and 
6.2 for the two impact assessment methods utilized.  
In the last stage of the LCA (interpretation stage), each of the impact factor results 
could be normalized based on set of weights to achieve a single impact score that can be 
used to compare the alternative products or processes under consideration [121, 123]. At 
this stage of the LCA, key areas could be identified for potential change of the energy 
and emissions to reduce effect on the environment.  
Also, further investigation was performed to account for the NOX binding 
capability of TiO2-cement, which could offset a part of the environmental impact of the 
production of the TiO2 nanoparticles. The time required to offset the initial NOX 
emissions from material was also estimated. 
 
6.3 Life Cycle Analysis Results 
The four stages of LCA are (a) define scope and boundary, (b) life cycle 
inventory analysis, (c) life cycle impact assessment, and (d) interpretation. The scope and 
boundary of the LCA was defined in the previous section of this chapter. The life cycle 
inventory analysis accounts for all the individual material, energy and emissions 
inventory, and flows to and from the product under consideration. The impact assessment 
was conducted using SimaPro software based on the scope and boundary of the products 




6.3.1 Life Cycle Inventory Analysis Results 
The extensive inventory results for the individual products under consideration 
(ordinary cement paste, 5% TiO2-cement paste, 5% limestone-cement paste) are given in 
Appendix A. The results include all the material, energy and emissions due to all the 
components that are used in the cement paste mix and the filler-cement mixes.  
 
6.3.2 Life Cycle Impact Assessment Results 
The results from the third stage of the LCA, impact assessment, are given in 
Tables 6.3 and Table 6.4 when using the BEES and EcoIndicator impact assessment 
methods respectively. In all the impact categories it was observed that the TiO2-cement 
mix had a higher environmental impact compared to the plain cement mix. For example, 
the fossil fuel usage by TiO2-cement mix was 571.76 MJ surplus compared to 294.15 MJ 
surplus for the plain cement paste, which is a 94.38% higher value. Thus the total 
environmental impacts due to the usage of TiO2-cement mix are expected to be higher. 
On the other hand, the environmental “costs” due to the usage of limestone-cement mix 
was lower than the plain cement mix. The fossil fuel usage by limestone-cement mix was 
280.14, which is a 4.73% decrease compared to the plain cement mix. Thus the use of 








Table 6.3. Life cycle impact assessment results based on BEES impact assessment  







Global warming g CO2 eq 9.43E+05 1.19E+06 9.92E+05 
Acidification H
+
 moles eq 1.49E+05 2.73E+05 1.57E+05 
HH cancer g C6H6 eq 7.67E+02 1.14E+03 8.06E+02 
HH noncancer g C7H7 eq 1.47E+06 2.28E+06 1.53E+06 
HH criteria air pollutants microDALYs 2.38E+01 8.73E+01 2.45E+01 
Eutrophication g N eq 1.93E+02 3.04E+02 2.03E+02 
Ecotoxicity g 2,4-D eq 4.00E+03 6.00E+03 4.21E+03 
Smog g NOx eq 2.51E+03 3.43E+03 2.64E+03 
Natural resource 
depletion MJ surplus 1.89E+02 7.30E+02 1.98E+02 
Indoor air quality kg TVOC eq 0.00E+00 0.00E+00 0.00E+00 
Habitat alteration T&E count 3.80E-14 1.62E-11 4.43E-15 
Water intake liters 4.70E+05 8.00E+05 4.49E+05 
Ozone depletion g CFC-11 eq 7.05E-02 7.58E-02 7.41E-02 
 
 
Table 6.4. Life cycle impact assessment results based on EcoIndicator impact assessment  







Carcinogens DALY 3.39E-05 4.69E-05 3.56E-05 
Respiratory organics DALY 2.91E-07 4.44E-07 3.06E-07 
Respiratory inorganics DALY 2.62E-04 6.15E-04 2.74E-04 
Climate change DALY 1.98E-04 2.50E-04 2.08E-04 
Radiation DALY 1.91E-06 2.58E-06 2.00E-06 
Ozone layer DALY 9.90E-08 1.26E-07 1.04E-07 
Ecotoxicity PDF*m
2




yr 12.72 19.40 13.36 
Land use PDF*m
2
yr 4.20 6.10 4.41 
Minerals MJ surplus 0.74 8.29 0.75 






Figure 6.1. LCA results showing (a) utilized resources (energy) and (b) contribution to 
smog (due to NOX emissions) (c) greenhouse gas emissions (d) single point score, by 
ordinary portland cement paste and cement-filler mixes with 5% addition of filler 
 
Figure 6.1 shows some of the salient results from the LCA impact assessment for 
ordinary portland cement and cement containing 5% TiO2 or 5% limestone filler. The 
total utilized resources and smog creation due to the use of 1000kg (functional unit) of 
ordinary portland cement paste and cement-filler mixes with 5% addition of limestone 
and titanium dioxide is shown in Figure 6.1a and 6.1b respectively. Figure 6.1c and 6.1d 
shows the results of the greenhouse gas emissions and single point score for the ordinary 
portland cement and the TiO2 and limestone filler. This analysis considers only the 
materials production, including raw material acquisition and processing of the 
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components used in the cementitious mixes. It is clearly evident that limestone-cement 
mixes have a lower environmental impact compared to plain cement paste mix, whereas 
TiO2-cement mixes have considerably higher environmental impacts (“costs”). The 
source of the greater environmental impact by the TiO2-cement mix is because of the 
significantly higher energy and emissions “costs” of TiO2 manufacturing process 
compared to cement production [119, 124].   
By comparing the environmental “costs” of the ordinary portland cement mix and 
limestone-cement mixture, it can be observed that the addition of 5% limestone results in 
almost a 5% decrease in the various impact categories, as might be expected. This 
suggests that compared to ordinary portland cement, the energy and emissions of 
limestone powder is negligible. This can partly be explained due to the fact that limestone 
is used as a raw material in cement production and most of the energy and emissions 
from the cement production is due to the clinkering and grinding processes [119]. Hence, 
the replacement of cement with a lower embodied energy filler, such as limestone 
powder, is one pathway to enhance sustainability of the construction industry, as has been 
recognized in the industry [49, 86]. 
 
6.3.3 Life Cycle Analysis – Interpretation – Results 
 
The results from the final step of the LCA, interpretation, are given in Table 6.5. 
The results show that the TiO2-cement paste had a single point score that was 82.6% 
greater than the plain cement paste mix. The results also show the high impact due to the 
respiratory organics and respiratory inorganics released into the atmosphere as emissions, 
as well as the high impact due to fossil fuel consumption. The scores for the TiO2-cement 
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paste was almost double compared to the plain cement paste, in all three of the impact 
categories which had the highest impact on the single point score. If reducing the fossil 
fuel dependency and total environmental impact of the product under consideration are of 
concern, reducing the amount of material required of these inputs or reducing the fossil 
fuels required to produce the material through innovation are pathways of reducing fossil 
fuel contribution to environmental impact.  
 
Table 6.5. Single point score considering the EcoIndicator 99(E) impact assessment 
categories  
Impact category Unit LS-cement TiO2-cement Plain cement 
Total Pt 21.10 40.47 22.14 
Carcinogens Pt 0.66 0.91 0.69 
Respiratory organics Pt 0.01 0.01 0.01 
Respiratory inorganics Pt 5.09 11.94 5.32 
Climate change Pt 3.84 4.86 4.04 
Radiation Pt 0.04 0.05 0.04 
Ozone layer Pt 0.00 0.00 0.00 
Ecotoxicity Pt 0.38 0.73 0.40 
Acidification/ Eutrophication Pt 1.24 1.89 1.30 
Land use Pt 0.41 0.59 0.43 
Minerals Pt 0.03 0.28 0.03 
Fossil fuels Pt 9.41 19.21 9.88 
 
 
The single point score of the limestone cement paste is shown to be lower than the 
plain cement paste mix and is lower than the plain cement mix for all the impact 
assessment categories considered in the EcoIndicator 99(E) method. The value of single 
point score for the limestone-cement mix was 4.7% lower than the plain-cement mix, 
demonstrating that the limestone fillers have a much lower embodied energy compared to 
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the portland cement. Thus the use of lower embodied energy materials in cementitious 
mixtures is a pathway for improving sustainability in the construction industry. 
 
6.4 Pathways for Use of Nano and Micro Particles - Do We Need Nano Particles? 
The potential benefits associated with nanoparticle addition should not be set 
aside completely based upon LCA [181]; here, some pathways for sustainable 
nanoparticle utilization are proposed. First, for example, fine particles which are naturally 
occurring or are by-products of industrial or commercial processes potentially would 
have significantly lower environmental cost than manufactured nanoparticles and should 
be examined for applications in cement and concrete. The advantage of using such nano, 
or even fine microparticle fillers, would be that the environmental impacts as well as 
economic costs would be extremely low, when compared to processed and manufactured 
nanoparticles. Thus, toward attaining sustainability by reducing environmental “costs”, 
the utilization of naturally-occurring or by-product nano and finer microparticles should 
be the subject of further examination. Further extensive research is needed to optimize 






Figure 6.2. (a) Rate of heat release and (b) total heat release by 5, 10 and 15% mixture of 
diatomaceous earth and cement. 
 
 
One such naturally-occurring, nanostructured material, and one which may 
become a widely available is a bio-energy by-product [182, 183] – diatomaceous earth 
(DE), the silicon-rich remains of certain forms of algae. To examine whether DE could be 
used effectively in cements in a manner similar to the other particles assessed here, 
preliminary isothermal calorimetry experiments were conducted (Figure 6.2) to 
understand the effect of this filler on early age properties. Commercially available flux-
calcined diatomaceous earth (CAS# 68855-54-9) with an average particle size of 3µm 
was used for these tests. From Figure 6.2 it can be observed that the replacement of 
cement with 10 and 15% of diatomaceous earth only subtly increased the rate of cement 
hydration and accelerated the reaction marginally compared to the ordinary portland 
cement paste. While these results are not satisfactory for acceleration of early age 
hydration, other naturally occurring fine fillers, for example a finer diatomaceous earth, 
should be examined. Such particles, when identified, could increase the rate of cement 
hydration possibly even similar to the extent observed with the TiO2 particles used in this 
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research. As demonstrated below, cement-savings could be the net result of the 
acceleratory effects observed with nano and fine microparticle addition.  
The LCA results of the TiO2 blended cements shows that the environmental costs 
due to TiO2 addition is significantly higher than ordinary cement paste. But interestingly, 
the results from calorimetry (Figure 3.3 and 3.4) show that 5% addition of TiO2 filler to 
cement increases the cumulative heat evolved in significant excess of this addition rate - 
by 21% at 48 hours of hydration. Similar acceleratory effects have been measured during 
cement replacement with titania nanoparticles [53]. Since the increase in total energy 
evolved can directly be related to degree of hydration, these results suggest that 
nanoparticles could effectively replace a higher percentage of cement than that tested in 
this research, while achieving a similar degree of hydration as that of ordinary portland 
cement paste. The use of supplementary cementitious materials (SCM’s) along with 
nanoparticles could also result in higher degrees of hydration, especially at later ages of 
hydration. 
Combining this concept with the notion that inert filler materials can be selected 
such that the life cycle cost of the filler is negligible compared to the cement or TiO2 
suggests that identification of an “optimum” inert filler material, from both particle size 
and embodied energy perspectives, should be the subject of further investigation. If such 
a filler were added to TiO2-blended cements to reach similar degrees of hydration as 
ordinary portland cement at 48 hours, the maximum replacement rate is calculated to be 
approximately 17%. For such a mix, the total environmental impact could be much lower 
compared to the TiO2-cement mix.  
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Now, if the capability of TiO2 to bind pollutant gases (e.g. NOX, SOX and VOC’s) 
is considered, a part of the impacts – (e.g. the NOX emissions) - can be offset with time. 
Further analysis was performed based on the conditions in Atlanta, USA to calculate the 
time required to offset the NOX from TiO2 production. Atlanta, USA with an average 
sunshine per day of 7.25 hours was selected because of the location where this research 
was conducted as well as its relevance to urban environmental conditions. The annual 
NO2 concentration in Atlanta was reported 17.0 ppb in 2004 [184]. When 5% of TiO2 
was used as an additive to cement by mass and 5mm thick surface layer is used, 2.12 
years (776 days) are required to offset the initial NOX emissions by the TiO2-cement 
mixture. If the surface is frequently washed, as with rainfall or dew, as expected during 
the life of TiO2-cement surfaces, the photocatalytic activity could be renewed and hence 
these surfaces could perform well throughout the life of the structure.  
The results from the analytical calculations for the TiO2-modified cement shows 
that pollutant gas (NOX) concentration is reduced, urban air quality improved and smog 
creation reduced, if TiO2-containing cementitious materials are used in these localities. 
Thus in the long term, TiO2 modified cement could be beneficial to decrease the initial 
higher environmental impact because of production “costs”. Further research and 
development of TiO2 with enhanced efficiency for pollutant gas binding (e.g. by doping 
TiO2 with transition metal ions [18, 185] ) is required. Lower energy use for production 
of photocatalytic TiO2 [186] could also make these nanoparticles more favorable from an 
environmental impact perspective.   The use/production of nanoparticles with a lower 
embodied energy and emissions could result in increased nanoparticle usage in the 
construction industry even when considering life-cycle costs. Thus the introduction and 
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optimization of additional functionalities such as photocatalytic properties (binding 
pollutant gases, antimicrobial effect, self-sensing capability) and development of lower-
embodied energy nanoparticles could enhance sustainability and result in a sustainable 
construction product. 
The results from the LCA and photocatalytic properties analysis demonstrate that 
there are various pathways for enhancing sustainability in construction materials. The use 
of natural or by-product nanoparticles or a filler with lower embodied energy and lower 
emissions (such as limestone) is one such potential pathway to attain greater 
sustainability. The use of microparticles (with size near 1µm) can impart similar 
properties as that of non-dispersed nanoparticles and cause significant increase in the rate 
and degree of hydration, especially in the first day of cement hydration. Thus, the use of 
highly dispersed nanoparticles might not be required for significant increase in the rate 
and degree of hydration as shown by the use of the submicron sized limestone powder 
(L3) in this research. The introduction of additional functionalities to cementitious 
materials, which decreases the environmental impact of construction materials, is another 
pathway to increase sustainability. The introduction of TiO2 powder with photocatalytic 
properties such as pollutant gas binding, anti-microbial properties and self-cleaning 
capability has the potential to thus improve the sustainability of construction materials. 
Potential improvement of photocatalytic efficiency and development of lower-energy 
production processes through ongoing research will also significantly enhance the 





6.5 Economic Cost Analysis  
Since photocatalytic TiO2 is a technology that is being introduced as a technique 
for achieving sustainability, the economic impact of this material should also be 
considered. In the construction industry, decisions about materials selected for use are 
often based on cost. Thus an analysis of the cost of such technology if used in concrete 
was conducted. The average price of ultrafine and nanoparticles of TiO2 is $15/kg [123]. 
If a 5mm thick layer of TiO2 is used on the surface (as a thin cladding element, coating or 
whitetopping) for photocatalytic application, the structure incurs an additional cost of 
$3.11/m
2
 of surface mix. The increase in cost of concrete with a TiO2 surface can also be 
calculated. If concrete cost is estimated to be $250/m
3
 (according to current truckload 
costs) and concrete is placed with a thickness of 10”(254mm), the additional cost due to 
the use of a TiO2 surface would be $4.68/m
3
 of concrete placed. This additional 
construction cost could be reduced if more TiO2 is used by the construction industry and 
also with better efficiency in production techniques for TiO2 which would reduce 
manufacturing cost.  
 
6.6 Summary of Life Cycle Analysis  
The effect of TiO2 and limestone fillers on the sustainability of cementitious 
mixtures was examined in this chapter using a life cycle analysis methodology. The 
conclusions for this part of the research are summarized below. 
 Inclusion of TiO2 fillers in cement increased the environmental impact of the 
cementitious mixtures significantly when compared to plain cement mixtures. The 
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high environmental impact of the TiO2-cement mixture is due to the higher energy 
and emissions of TiO2 manufacturing process compared to cement clinker 
production. 
 Limestone filler decreased the environmental impact of the limestone-cement 
mixtures compared to plain cement mix. The use of natural or by-product 
nanoparticles or a filler with lower embodied energy and lower emissions (such as 
limestone) is one potential pathway to attain greater sustainability for 
cementitious mixtures. 
 The introduction of nanosized TiO2 powder with photocatalytic properties such as 
pollutant gas binding, anti-microbial properties and self-cleaning capability has 
the potential to improve the sustainability of cement-based construction materials. 
Thus, the introduction of additional functionalities to cementitious materials is 
another pathway to increase sustainability in the construction industry.  
 
Based on the results from the life cycle analysis of cementitious mixtures with TiO2 
and limestone fillers, the environmental impact of cementitious materials is reduced by 
replacing cement with fillers which have lower environmental “costs” of production as 
well as fillers which can positively impact the environment during the life of the 
structure. Natural submicron or nanosized particles with lower environmental impact 
could be used as an alternative to manufactured nanoparticles for tailoring properties and 
reducing environmental impact of cementitious materials. However, before extensive use 
of nanoparticles in the construction industry, further research is needed to understand the 
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CHAPTER 7  
CONCLUSIONS AND FUTURE RESEARCH 
 
7.1 Conclusions 
The main objective of this research was to understand the effect of addition of 
commercially available micro and nanoparticles of TiO2 and limestone on the properties 
of cementitious materials. Based on the literature review in Chapter 2, the effects of these 
inert fillers on early age, long term and photocatalytic properties and life cycle costs were 
investigated. The following sections present the key conclusions of this research.  
 
7.1.1 Early Age Hydration Studies 
Due to an increasing interest in the use of TiO2 and limestone fillers in cementitious 
mixtures, the effect of these materials of varying particle sizes (up to maximum 20µm 
particle size) and dosages (up to 15%) on the early age properties of cementitious 
mixtures was studied, and the following were concluded: 
 Replacement of cement with finer inert particles (particle size < 3µm) modifies 
cement hydration by a dominant heterogeneous nucleation effect. Heterogeneous 
nucleation effect accelerates hydration reaction, increases the rate of hydration, 
decreases setting time, but also decreases flow characteristics (workability) and 
increases chemical and autogenous shrinkage.  
 Larger inert fillers (particle size >3 µm) can maintain the rate of cement hydration 
due to a dominant dilution effect. Large inert particles decrease chemical 
shrinkage of cementitious mixtures. Setting time and flow characteristics of 
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cementitious mixtures are not significantly modified due to the replacement of 
cement with coarse inert fillers. 
 Apparent activation energy and temperature sensitivity of cementitious mixtures 
increases due to the addition of fine inert particles. The activation energy 
increases with increasing dosage, dispersion and surface area of the nanoparticles 
used.  
 For the compositions examined here, Powers’ model can be used to model 
hydration of filler-cement mixes when coarse inert fillers are used. Powers’ model 
has to be modified to predict chemical shrinkage values and trends in the presence 
of fine fillers, by incorporating changes to cement hydration due to heterogeneous 
nucleation effect. Powers’ model also has to be modified to consider additional 
reaction products potentially formed in limestone-cement mixtures, which 
modifies cement hydration.  
 
7.1.2 Long Term Properties 
The long term properties (28- and 56-day strength, permeability and pore 
structure) of filler-cement mixes with nano and microparticle fillers were investigated, 
and the following were concluded:  
 Strength of ordinary portland cement mix is greater than filler-cement mixes at 
later ages due to a dominant dilution effect. But initial strength, particularly at 
ages up to 3 days, can be increased by using fine inert particles due to increased 
degree of hydration by heterogeneous nucleation effect.  
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 Total surface area and pore volume increases and pore size decreases by the 
addition of fine inert fillers. A pore size refinement is thus possible due to the 
replacement of cement with fine inert fillers.  
 Fine limestone (with particle size 0.7µm) does not affect the chloride permeability 
and surface resistivity of cementitious mixtures. Thus permeability comparable to 
ordinary portland cement can achieved by using fine limestone fillers. TiO2 
increased the RCPT result and reduced the surface resistivity, indicating that 
TiO2-cement mixtures can result in higher permeability when the mineral is used 
as a partial replacement for cement. 
 
7.1.3 Photocatalytic Properties of TiO2-Cement 
The photocatalytic properties of TiO2-cement mixtures were studied and the 
applicability of current standard test methods for NOX conversion by cement-based 
materials was investigated, and the following were concluded: 
 Due to a lack of an appropriate procedure for characterizing photocatalytic 
efficiency of cementitious mixtures for reducing NOX, a new standardized 
procedure and NOX conversion efficiency factor is proposed. Modifications for 
sample preparation techniques and test parameters (i.e., input gas concentration, 
test duration, flow rate) are suggested to make NOX conversion tests appropriate 
for cement-based materials.   
 A new photocatalytic efficiency factor (PEF), which considers potential variations 
in test sample surface area, sample surface roughness and variations in test 
duration, was defined. The PEF metric can be used to characterize the 
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photocatalytic activity of any cement-based material or other construction 
material. 
 The inclusion of TiO2 to cementitious mixtures introduced photocatalytic 
properties to construction materials. Photocatalytic NOX conversion efficiency 
increased with increasing dosage of TiO2. 
 The photocatalytic efficiency of various commercially available TiO2 mixed with 
cement was compared using the proposed photocatalytic efficiency factor (PEF). 









 for T3 when tested at 500ppb input gas concentration.  
 
7.1.4 Sustainability of cementitious mixtures with TiO2 and limestone 
The effect of TiO2 and limestone fillers on the sustainability and life cycle costs 
of cementitious mixtures were examined. The major conclusions based on the life cycle 
analysis of filler-cement mixtures are summarized below: 
 Inclusion of TiO2 fillers increases the environmental impact of the cementitious 
mixtures significantly when compared to plain cement. The high environmental 
impact of the TiO2-cement mixture is due to the higher energy and emissions of 
TiO2 manufacturing process compared to cement clinker production. 
 Limestone filler decreases the environmental impact of cementitious mixtures 
compared to plain cement mix. The use of natural or by-product fillers or fillers 
with lower embodied energy and emissions is a potential pathway to improve 
sustainability for cementitious mixtures. 
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 The introduction of TiO2 filler with photocatalytic properties (binding pollutant 
gases, anti-microbial properties and self-cleaning capability) improves 




7.2.1 Early Age Properties  
Based on the results from the present study, particle size and dosage of inert 
fillers can be selected to obtain desired early age properties. For applications where an 
increased rate of reaction and/or apparent activation energy is required, fine inert fillers 
(particle size < 3µm) are recommended. In applications where shrinkage is of concern, a 
coarser microparticle ((particle size > 3µm)) is recommended as the filler. Due to the 
increased apparent activation energy observed in the presence of nanoparticles, it is 
recommended that fine inert particles be used to obtain a faster setting and strength gain 
for cementitious mixtures produced at higher ambient temperatures. 
The results from this section of the research show that the effect on early age 
hydration depends on the particle size and dosage and not significantly on the type of 
inert filler used. Thus, cement clinker usage by the construction industry could be 
reduced by the replacement of cement with various inert fillers (including limestone and 
TiO2) with simultaneous tailoring of early age properties based on dosage and particle 




7.2.2 Long Term Properties 
The results from the present study demonstrate that chloride ion permeability of 
filler-cement mixtures increases, except in the case of fine limestone filler, when inert 
fillers are used as partial replacements for cement. The higher RCPT value shows that the 
permeability could be higher and hence such concrete mixes could have durability issues. 
Thus, it is recommended that for achieving desirable long term properties, supplementary 
cementitious materials (SCMs) could be used along with inert fillers. The use of SCMs in 
filler-cement mixes would increase the strength and decrease permeability. Further 
research is required on such ternary cementitious mixtures with inert fillers and SCMs. 
The lower value of resistivity observed in the TiO2-cement mixes could be 
because of the semiconductor nature of TiO2. This behavior warrants further investigation 
with different types of additives (e.g. chemicals, SCMs) in concrete to understand the 
impact of such materials on the surface resistivity test. Since resistivity test is a relatively 
new test, further research would also help ascertain whether the surface resistivity test 
can be used as an effective technique to predict and compare permeability of various 
types of concrete mixtures. 
 
7.2.3 Photocatalytic Properties 
Based on the literature review as well as experiments conducted in the present 
study, it was concluded that the current test methods is not be appropriate for testing 
photocatalytic efficiency of cementitious materials. It is recommended that the 
modifications for sample preparation techniques and test parameters (i.e., input gas 
concentration, test duration, flow rate) and the proposed photocatalytic efficiency factor 
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be used for all future testing and comparison of photocatalytic NOX conversion by 
cement-based materials. It is also recommended that the surface conditioning techniques 
suggested in the present research (Section 5.2.2) be followed for photocatalytic testing of 
other pollutant gases or other photocatalytic properties (e.g. self-cleaning, anti-microbial 
properties) of TiO2-cement surfaces. 
 
7.2.4 Sustainability of TiO2 and Limestone Cement Mixes 
The replacement of cement with inert fillers was proposed due to the high energy 
use and emissions from cement clinker production. But sustainability can be improved in 
filler-cement mixes only if the life cycle cost of such mixes is equal to or lower than plain 
cement mixes. Although the use of TiO2 enhanced early age and photocatalytic 
properties, the environmental impact of cementitious materials increased due to the 
addition of TiO2. Thus it is recommended that before widespread use of any filler, a life 
cycle analysis of the filler-cement composite should be conducted to characterize the 
environmental impact for achieving sustainability. Based on the result from the present 
study, fillers with lower embodied energy (naturally occurring fillers or fillers with low 
production “costs”) or fillers which contribute to sustainability due to additional 
functionalities (e.g. photocatalysis) are recommended to be used in cementitious 
materials for improving sustainability.  For reducing environmental impact if TiO2 will 
be used, it is recommended that the TiO2 be utilized as surface coatings or in thin coating 




7.3 Future research 
The current study investigated the effect of inert nano and microparticles of TiO2 and 
limestone on early age, long term and photocatalytic properties and sustainability of 
cementitious mixtures. However, much further research will be necessary to further 
optimize the properties of cementitious mixtures for widespread application of such inert 
fillers. Some key topics that require additional research are listed below: 
 The current research used commercially available limestone that was blended 
with portland cement during preparation of the cementitious mix. But in 
commercially available portland limestone cement (PLC), limestone and cement 
are inter-ground during the cement manufacturing process. Such inter-ground 
PLC could have a lower cement particle size which could increase hydration rate 
and modify properties compared to laboratory prepared blended limestone-
cements. A comparative analysis of early age and term properties and life-cycle 
costs of blended and inter-ground limestone-cement mixtures should be 
conducted.   
 European standards for portland limestone cements allow up to 35% replacement 
of cement with limestone [48]. Although ASTM and Canadian standards currently 
approve the use of limestone only up to 15% [45, 46], there is a possibility that 
higher percentages of limestone could be approved and used in future 
construction. Thus the properties of cementitious materials with higher volume 
replacement (>15%) of cement with limestone (and possibly other inert fillers) 
needs further research.  
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 The results from the present research show that the use of inert fillers decreases 
long term properties of cementitious mixtures. But supplementary cementitious 
materials (SCMs) added to inert filler-cement mixes could enhance strength, 
reduce permeability and hence improve long term properties of cementitious 
materials. The inclusion of SCMs in inert filler-cement mixtures could also 
modify early age properties and improve sustainability. Thus the combined use of 
inert nano and microparticles and SCMs in cementitious mixtures needs further 
research.  
 The RCPT and surface resistivity test results from this research indicate that 
permeability of filler-cement mixtures could be higher than plain cement 
concrete. But RCPT and surface resistivity tests are indirect tests for measuring 
permeability. Thus, direct measurement of transport of water and ions through the 
matrix of filler-cement mixtures could be conducted using long term tests such as 
salt ponding test and bulk diffusion test. Results from these tests could be used to 
further understand transport properties. 
 Research has shown that effectiveness of fillers increases at lower w/s, when 
cement is not able to undergo complete hydration [51]. Thus, the effect of 
variation of w/s (or w/c) on the properties of cementitious mixtures with TiO2 and 
limestone should be examined. Variation of w/s of filler-cement mixes could 
affect properties including early age hydration, shrinkage, strength, resistivity and 
permeability and hence warrants further research. 
 The photocatalytic tests in the current research were conducted in the presence of 
UV light. But new TiO2 based materials are being developed which are 
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photocatalytic in the presence of visible light [18, 188]. These TiO2-based 
materials could be used in construction materials that can be placed in the interior 
of a building without the requirement for UV light. The photocatalytic activity of 
cement mixtures with these new TiO2 materials needs further research.  
 Photocatalytic tests of TiO2-cement surfaces should be conducted under field 
conditions, so that this technology can be effectively utilized for decreasing 
pollution, especially in urban environments. Pollution reduction, self-cleaning and 
anti-microbial properties of TiO2-cement surfaces should be examined 
simultaneously, to truly characterize the benefits of the use of these materials in 
field applications.  
 Further research is needed to address the environmental impacts associated with 
the manufacture of photocatalytic nanoparticles and other manufactured 
nanoparticles. The life cycle impact of manufactured nanoparticles including 
toxicity and environmental impact could be quantified and included in life cycle 
analysis.  
 The possibility of release of nanoparticles into the environment from construction 
materials during the life or at end-of-life-disposal needs further research. The 
nanoparticles could enter the food cycle of humans and animals and can result in 
accumulation of nanoparticles. The long term effect of such accumulated 
nanoparticles on ecology and impact on life cycle costs needs further analysis. 
 Improvement of early age properties, long term properties and sustainability could 
not be simultaneously achieved with the inert fillers tested. Further research is 
necessary to obtain improved or satisfactory properties when addressing multiple 
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properties. Future research should consider TiO2, limestone as well as other inert 
fillers, including natural or by-product fillers of varying sizes to simultaneously 






EFFECT OF PARTICLE DISPERSION ON HYDRATION 
 
 
A challenge in the use of nanoparticles in the construction industry is effective 
dispersion, which is required due to the tendency of nanomaterials to form agglomerates 
[176]. Poor dispersion can result in the formation of defects and also decrease the 
efficacy of the nanomaterial in the material matrix [189]. With an objective of obtaining 
effective dispersion, different mixing procedures were examined to assess the influence 
of TiO2 nanoparticle dispersion on early age hydration reactions. The techniques that 
were tested and compared in this study include pre-dispersion of TiO2 in the mixing 
water using the following techniques: use of a handheld mixer, dispersing agent 
(superplasticizer) and ultrasonication. Ultrasonication of powders in water is considered 
to be a good technique for dispersing agglomerates, especially for nanoparticles [179].  
All cementitious mixes were prepared at w/s of 0.50, with the same TiO2 (T2), at 
10% TiO2 but were dispersed using different methods. The dispersing agent (surfactant) 
used in the current research was a polycarboxylate based superplasticizer, ADVA 140 
(Grace Construction Products) and was used at an addition rate of 10 mL/1 kg of cement. 
The following are the different types of dispersion techniques investigated in this study:  
 D1 – TiO2 dispersed in water using a handheld mixer for 1 minute before 
mixing with cement 
 D2 – Superplasticizer added to water and stirred. TiO2 was then added to 
the water-super plasticizer mixture and dispersed using a handheld mixer 
for 1 minute before mixing with cement 
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 D3 – Super plasticizer added to water and stirred and the TiO2 was then 
added to the water-super plasticizer mixture. The beaker with the solution 
was then immersed in an ultrasonic bath (Branson 1510R-DTH) for 30 
minutes. The ultrasonication was conducted at a frequency of 42±2.5 kHz 
and at a power output of 70W. The mixture was then blended using a 
handheld mixer for 1 minute before mixing with cement. 
 
 
Figure A.1. Heat of hydration curves for TiO2 cement mixes when different techniques 
were used for dispersing TiO2 particles 
 
 
Figure A.1 shows the rate of heat evolution data for the different mixes D1, D2 
and D3 in which various dispersion techniques were used. The two mixes in which the 
TiO2 was dispersed using the superplasticizer (D2 and D3) showed a marginal retardation 
of the cement hydration reaction, as observed in the accelerating region of the hydration 
curve, when compared to mix D1. The hydration curve for mixing technique D3 resulted 
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in a higher peak of the hydration graph compared to D1 and D2. This shows that the use 
of a combination of dispersing agent, ultrasonic bath and handheld mixer used to disperse 
the nanoparticles could be beneficial for dispersion. But for further clarification the 
cumulative heat of hydration curves of the different mixes was compared in Figure A.2.  
 
 
Figure A.2. Cumulative heat of hydration curves for TiO2 cement mixes when different 
techniques were used for dispersing TiO2 particles 
 
 
Figure A.2 shows the cumulative heat of hydration curve for the different mixes 
tested for the effect of dispersion. It was observed that during the testing period the 
difference between the cumulative heats of hydration graphs was minimal for all the 
mixes with TiO2 addition. Thus in the current research, mixing of the nanoparticle with 
water using a handheld mixer was found to be as effective as the use of dispersing agents 
and ultrasonication. Since the difference between the hydration behaviors was minimal, it 
is suggested that other forms of effective dispersion could be necessary to utilize the true 
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nanosize of the TiO2 particles when used in cementitious materials.  Some previous 
researchers have observed that the use of ultrasonication techniques and surfactants 
increases dispersion of nanoparticles [176]. Thus, further research is required for 
effective dispersion of commercially available nanoparticles, using possibly different 
sonication methods (e.g. immersion type sonication, high powered sonication) as well as 






LIFE CYCLE INVENTORY DATA  
 
 
The Life cycle inventory data for ordinary portland cement mix as well as 
limestone-cement and TiO2-cement mix where cement was replaced with 5% filler, as 
obtained from the life cycle analysis is listed in Table B.1. 
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